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Banghart, Edmund K. Ph.D., Purdue University. May 1989. Physical 
Mechanisms Contributing to Nonlinear Responsivity in Silicon Concentrator 
Solar Cells. Major Professor: JefiFery L. Gray.
Comparison of experimental data with the results of present models indi­
cates that silicon solar cell operation at high solar concentration is not com­
pletely understood. That silicon concentrator cells are not fully understood 
was first recognized as nonlinearities experimentally observed in the response 
of the short circuit current to increasing solar concentration.
In order to interpret the experimentally observed sublinear responsivities, 
a review in the literature of the physical mechanisms which have significance 
for solar cell operation at high solar intensities is essential. These phenomena 
include bandgap narrowing, Auger recombination, carrier diffusion, and the 
loss of base conductivity modulation. In this thesis, through modeling with 
the Solar Cell Analysis Program in One and Two Dimensions, SCAPlD and 
SCAP2D, an extensive study of these phenomena on the steady-state perfor­
mance of two major cell designs for silicon concentrator solar cells, the con­
ventional design and the back-contacted design, is made. The back-contacted 
design includes both the interdigitated back contact (IBC) solar cell and the 
point contact concentrator (PCC) solar cell.
Simulations with SCAPlD and S CAP 2D of the sublinear responsivity 
have led to two important insights into the physical operation of silicon solar 
cells under high solar concentration: I) in the case of high-resistivity base 
cells of conventional design, the loss of base conductivity modulation, coupled 
with a large source of recombination, has been identified as a cause of sub- 
linear responsivity; and 2) in the case of the back-contacted cells, that is, the 
IBC and PCC cells, a self-consistent description of the cell performance has 
been found through the inclusion of the free carrier bandgap narrowing model 
by Abram et al., the reduction of the minority hole mobility in the base to 
approximately one-half (200 cm2—V- 1—sec-1) the majority hole value deter­
mined by Irwin, and the use of the ambipolar Auger coefficient of Dziewior 
and Schmid, 3.8 * IO-31 cm6—sec-1 .
CH A PTER I
IN TRO D U CTIO N
* ;
1.1 T he C oncen tra to r S tra tegy  for Silicon Solar Cells
In the coming decades, the direct conversion of sunlight to electricity with 
solar cells is expected to play a major role in the world-wide energy economy [I]. 
However, in order to make photovoltaic energy conversion an attractive 
alternative to more conventional sources such as fossil fuels, the cost of solar 
energy production must be substantially reduced [2].
To achieve the needed cost reduction, the photovoltaic community has 
explored in earnest two different approaches [3-6]. The first approach attempts 
to minimize system cost by the installation of large areas of inexpensive, yet 
fairly efficient solar cells. The prospects for this approach have grown steadily, 
in particular, with advances in amorphous silicon solar cell technology. The 
second approach attempts to minimize system cost by using large area lenses and 
mechanical tracking apparati to concentrate sunlight on the cells. Since cell area 
is substantially reduced by concentration, system cost shifts to the relatively 
inexpensive optical accessories and greater expense can therefore be taken to 
improve the efficiency of the actual solar cells.
This thesis will be concerned with the second approach offered above, that 
is, the concentrator strategy for silicon solar cells.
1.2$ T he O ccurrence of N onlinear Responsivity
In the quest for an optimally efficient silicon concentrator solar cell, many 
designs have been proposed [7]. However, the relative merits of these designs 
cannot be accurately assessed. Indeed, comparison of experimental data with the 
results of present models indicates that solar cell operation at high solar 
concentration is not completely understood. That silicon concentrator cells are 
not fully understood was first recognized as nonlinearities experimentally 
observed in the response of the short circuit current to increasing solar 
concentration [8-23], These nonlinearities are confusing in that, in some cases, 
the nonlinearity results in a degradation in cell performance at high solar 
concentrations (known as a sublinear response) [8-11], while in other cases the
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nonlinearity actually leads to an improvement in cell performance (known as a 
superlinear response) [12-23].
This thesis shall focus on understanding the occurrences of sublinear 
responsivity. The topic of superlinear responsivity has been well-treated by 
Zirkle ef al. [21].
1.3 The Investigation through Cell Modeling of the Physical 
Mechanisms Contributing to Sublinear Responsivity
In order to better understand the experimentally observed sublinear 
responsjvities^ a review in the literature of the physical mechanisms which have 
significance for solar cell operation at high solar intensities is essential. These 
phenomena include bandgap narrowing, Auger recombination, carrier diffusion, 
and the loss of base conductivity modulation. In this thesis, through modeling 
with the Solar Cell Analysis Program in One and Two Dimensions, SCAPlD [24] 
and S CAP 2D [25], an extensive study of these phenomena on the steady-state 
performance of two major cell designs for silicon concentrator solar cells, the 
conventional design and the back-contacted design, is made. The back-contacted 
design includes both the interdigitated back contact (IBC) solar cell [26] and the 
point contact concentrator (PCC) solar cell [27].
In the following section, the major contributions of this thesis in assessing 
the phenomena important for silicon solar cell operation at high solar intensity 
are presented. It is hoped that these efforts will enable the cell designer to 
determine more realistic limits for cell efficiency and to select the most optimal of 
competing cell designs.
1.4 The Contributions of this Thesis
Simulation with SCAPlD and SCAP2D of the sublinear responsivity has led 
to two important insights into the physical operation of silicon solar cells under 
high solar concentration: (I)
(I) In the case of high-resistivity base cells of conventional design, the loss of 
base conductivity modulation, coupled with a large source of recombination, 
has been identified as a cause of sublinear responsivity [28]. It is also 
demonstrated that the intensity dependence of the sublinearity can be 
interpreted by the well-known superposition principle [29], with only slight 
modifications. Excellent agreement of the simulations has been made with 
the experimentally observed sublinearity of a 500 ohm-cm Varian cell [30].
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Findings such as these have relied on the introduction of numerical 
programs for cell analysis. The identification of the loss of base 
conductivity modulation occurring near the back surface field in high- 
resistivity base cells under high solar concentration was, in fact, an early 
success in the numerical modeling of silicon solar cells by SCAPlD [31].
(2) ".In the case of the back-contacted cells, that is, the BBC and PCC cells, a 
self-consistent description of the cell performance has been found through 
the inclusion of the free carrier bandgap narrowing model by Abram et al. 
[32], the reduction of the minority hole mobility in the base to 
approximately one-half (200 cm2—V- 1—sec^1) the majority hole value 
determined by Irwin [33], and the use of the ambipolar Auger coefficient of 
Dziewior and Schmid [34], 3.8 x IO-31 cm6—sec-1. The self-consistency of 
these models has been demonstrated for data reported by Sinton et al. from 
a 160 /urn IBC cell [10] and two PCC cells, an 86 fxm cell [35] and a 240 fxm 
' ceil [9]. . f  •
Until this study, free carrier bandgap narrowing has been neglected in the 
analysis of IBC and PCC cells, though the carrier concentrations in the base 
( of these cells can easily exceed IO17 cm-3 at the highest solar intensities
[9,10,35]. Also, the applicability of majority carrier values for the minority 
mobilities is a controversial issue in device modeling [36-40] and has not yet 
been assessed in the case of the IBC and PCC cells. Finally, the 
conventionally accepted value for the Auger coefficient, determined by 
Dziewior and Schmid, has been challenged recently by several experimenters 
[35,41-46], in particular, Sinton and Swanson [35], who claim this coefficient 
in highly injected silicon to be several times the Dziewior and Schmid value.
1.6 The Organization of this Thesis
An introduction to many of the nonlinearities, both sublinear and 
superlinear, which have been encountered in the development of silicon 
concentrator solar cells is presented in Chapter II. Chapter III then presents the 
one and two-dimensional numerical models for solar cells, SCAPlD and 
SCAP2D, used for the analysis of these nonlinearities. Chapters IV and V follow, 
examining in detail with SCAPlD and SCAP2D the physical reasons for the 
sublinear responsivities. Specifically, in Chapter IV appear the simulations with
SCAPlD and SCAP2D of the sublinear responsivity reported in conventional
. '!
geometry cells, while in Chapter V appear the simulations of the sublinear 
{ responsivity reported in interdigitated back contact (IBC) and point contact
4
concentrator (PCC) solar cells.
In Chapter VI, a summary of the major results of this thesis is made. 
Because many questions remain regarding the physics of high intensity silicon 
solar cells, four topics are recommended for further study. These are an 
examination of Lowney’s revision [117] of the Abram bandgap narrowing 
calculation for use at room temperature, a study of ambipolar diffusion, a study 
of trap-assisted Auger recombination, and a study of the transient phenomena in 
silicon solar cells.
For completeness, a summary has been made in Chapter TI of the success 
reported by others in modeling the super linear responsivity.
5
C H A P T B R n
SURVEY OF EXPERIM ENTALLY OBSERVED 
NONLINEAR RESPONSIVITY
2.1 Introduction
This chapter begins with definition of the cell responsivity. A survey is then 
made of the two classes of nonlinear responsivity which have been observed 
experimentally, the sublinear responsivity and the superlinear responsivity. In 
this thesis, understanding the causes of sublinear responsivity is the primary 
concern. Thus, in the chapters which follow, a careful investigation of the 
occurrence of sublinear responsivity in several different cell designs through 
numerical modeling is made. The causes of superlinear responsivity have been 
studied extensively by several others [12-23]. A brief summary of these findings is 
included at the end of this chapter.
2.2 Definition of the Cell Responsivity ‘
Perhaps the greatest attraction of concentrator systems is the increase in 
efficiency which is possible under ideal conditions at high levels of solar 
concentration. The efficiency of a solar cell is given as [3]
V (2. 1)
where FF is the fill factor, Jsc is the short circuit current density, Voc is the open 
circuit voltage, and Pinc is the incident power density. Both Jsc and Voc are 
functions of the solar concentration, C, measured in suns, where one sun equals 
100 mWatts—cm-2 . The short circuit current density is proportional to the solar 
concentration,
Jsc(C) a C ,  (2.2)







where n is the junction ideality factor, V j is the thermal voltage, and J0 is the 
total saturation current of the device. Since the fill factor is nearly independent 
of the solar concentration, the efficiency of the solar cell in theory should increase 
with increasing solar concentration.
In reality, because of nonlinearities observed in the short circuit current 
response to increasing solar concentration, the efficiencies of silicon solar Cells 
have been both overestimated and underestimated. The response of the short 
circuit current to increasing solar concentration is commonly known in the 
literature as the cell responsivity, R [11]. R is defined as the short circuit 





Frequently observed is the degradation of the short circuit current response to 
increasing solar concentration, an occurrence known as sublinear short circuit 
current responsivity. In some cases, though, the short circuit current response 
has actually improved with increasing solar concentration and thus represents an 
occurrence of superlinear short circuit current responsivity.
Because the short circuit current responsivity, whether linear, sublinear, or 
superlinear, reveals detailed information of the internal device behavior at high 
solar intensity, numerous groups have studied the responsivity of silicon 
concentrator solar cells of all designs [8-23]. In the following sections, a survey is 
made of these experimentally observed occurrences of sublinear and superlinear 
responsivity.
2.3 Occurrences of Sublinear Responsivity
Recently, a rather comprehensive testing of sublinear responsivity in silicon 
concentrator solar cells for irradiances up to 1000 suns was conducted by J. M. 
Gee of Sandia National Laboratories [11]. Reports of sublinear responsivity have 
also been made by Sinton et al. [9,10]. Thesefindings have been summarized in 
Table 2.1. Cells tested included not only the conventional (planar junction) 
design, but also more advanced designs such as the PESC (passivated emitter 
solar cell) [47], the IBC (interdigitated back contact) cell [26], and the PCC 
(point contact concentrator) cell [27]. Presented first are the sublinearities 
encountered in the conventional cell design, followed by those found in the jnore 
advanced cell designs.
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Table 2.1 Experimental Reports of Sublinear Responsivity.












Spire [I l] Conventional
(n+pp+)
10 100, 250, 380
U. of N. S. Wales [47] PESC
(n+pp+)
100 240
Sandia [48] ro c
(n-type base)
10 300





100 100, 160, 240
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2.3.1 Conventional Geometry Cells
A diagram of a typical conventional geometry p+nn+ silicon solar cell is 
shown in Figure 2.1. Sublinear responsivity is known to occur not only in 
conventional geometry cells of the p+nn+ doping type, but in conventional 
geometry cells of the n+pp+ doping type, as well. In both the p+nn+ and the 
n+pp+ cells, variations of the base width and the base resistivity have been made 
in order to explore the effect of these parameters on the cell responsivity. In 
general, it is found that the cell responsivity becomes more sublinear as the base 
width and base resistivity of the cell increase.
The four p+nn+ cells tested by Gee have base resistivities of 0.3, I, 10, and 
500 ohm-cm [11]. The 0.3, I, and 10 ohm-cm cells were fabricated in a split lot 
at Sandia National Laboratories [14]. The split lot cells are 300 /zm wide and are 
identical except for the base resistivity. The 500 ohm-cm cell, fabricated by 
Varian Associates [30], has a base width of 200 /zm. The high base resistivity of 
the Varian cell was chosen to maximize the quantum efficiency of the cell in the 
long wavelength portion of the spectrum, while the width, 200 /zm, was chosen to 
minimize base resistance. Plots of the short circuit current responsivity for these 
cells, over a concentration range of I sun to 1000 suns, are shown in Figures 2.2 
and 2.3. Observe for these cells that only the 1.0, 10, and 500 ohm-cm cells are 
sublinear and that greater sublinearity is encountered as the base resistivity is 
increased. In the most severe case, that of the 500 ohm-cm Varian cell, the 
response is degraded nearly 40% at 1000 suns.
The three n+pp+ cells tested by Gee have base widths of 100, 250, and 380 
/zm and have been fabricated by the Spire Corporation on bulk material of 10 
ohm-cm resistivity [11]. Plots of the short circuit current responsivity for these 
cells are presented in Figure 2.4. Again, it is observed that the short circuit 
current response is highly sublinear. Moreover, it is noted that in these cells, all 
of the same base resistivity, the sublinearity worsens with increases in the cell 
width.
2.3.2 Advanced Cell Designs
The short circuit current responsivity has also been reported by Gee for 
three advanced silicon solar cell designs: the passivated emitter solar cell
(PESC), the interdigitated back contact (IBC) solar cell, and the point contact 
concentrator (PCC) solar cell [11]. Each of these designs departs significantly 
from the design of the conventional geometry cell and can lead to substantial 
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Figure 2.2 The Normalized Responsivity of Three Sandia Split Lot p+nn+
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2.3.2.1 The Passivated Cmitter Solar Cell (PESC)
A diagram of the passivated emitter solar cell (PESC), developed at the 
University of New South Wales (UNSW) [47], is shown in Figure 2.5. This cell, 
fabricated on high resistivity p-type silicon, represents a modification of the 
conventional geometry n+pp+ cell design to include a grooved front surface for 
enhanced trapping of light in the cell. Even greater light trapping capability is 
anticipated with the use of prismatic covers to direct the incident light away 
from the top contact metallization onto the passivated front surface. The 
responsivity of a 100 ohm-cm, 240 /zm wide PESC is shown in Figure 2.6. 
Observe that, just as in the case of the highly resistive cells of conventional 
design, significant sublinear performance is observed for the PESC.
2.3.2.2 The Interdigitated Back Contact (IBC) Cell
A diagram of the interdigitated back contact cell (EBC) is shown in Figure 
2.7. The chief advantage of the interdigitated back contact cell over the 
conventional design is the placement of the both contacts on the back, 
nonilluminated surface of the solar cell [26]. With this design, shadowing losses 
are eliminated and the resistive losses due to large current flow through thin 
diffused layers, such as found in conventional cells, are greatly minimized. 
Junction design, in fact, is simplified since the compromises made in the 
conventional design to reduce series resistance and to improve collection 
efficiency are no longer a concern. The reduced diffusion area, as well, results in 
decreased emitter recombination.
The responsivity of a 10 ohm-cm, 300 fxni n-type IBC cell, fabricated at 
Sandia [48], has been measured by Gee [11] and is shown in Figure 2.8 to reveal a 
particularly severe sublinearity, with a degradation in performance at 1000 suns 
of over 50%.
Measurement of the responsivity of a 100 ohm-cm, 160 micron IBC cell 
produced by Sinton reveals, as well, sublinear performance for concentrations 
ranging from one to 600 suns [10]. This sublinearity is shown in Figure 2.9.
Further examples of high-resistivity base IBC cells are those fabricated at 
the Universite Catholique de Louvain, Belgium [49-51]. These cells have been 
fabricated on both p-type and n-type material, with a base resistivity of 10 
ohm-cm and a base width of 150 microns. Unfortunately, the responsivity of 
these cells is not well known. A wealth of data for the open circuit voltage, fill 
factor, efficiency, illuminated current-voltage characteristic, and spectral 





Diagram of the Passivated Emitter Solar Cell (PESC), Developed 
at the University of New South Wales (UNSW) [47].
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Figure 2.6 The NormSlized Responsivity of a University of New South Wales 
n+pp+ Passivated Emitter Solar Cell (PESC), with a Base Width 
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Figure 2.8 The Normalized Responsivity of a Sandia EBC Cell, with a Base 
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Figure 2.9 The Normalized Responsivity of an IBC Cell, with a Base Width of 
160 /im and a Base Resistivity (n-type) of 100 ohm-cm, Produced 
by Sinton [10].
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2.3.2.S The Point Contact Concentrator (PCC) Cell
In Figure 2.10 is shown a diagram of the point contact concentrator (PCC) 
cell. The chief distinction between this design and the IBC design is simply the 
contact geometry. The IBC cell has diffusions along lines, while the PCC cell has 
diffusions in pockets. Like the IBC cell, sublinear responsivity has been reported 
for the PCC cell. Sinton has reported the sublinear responsivity of four n-type 
PCC cells of 100 ohm-cm base resistivity and widths of 100, 165, and 240 (im [9]. 
The responsivity of these cells is displayed in Figure 2.11 for solar concentrations 
ranging from one to 600 suns. As observed before in the case of the conventional 
geometry cells, the sublinearity of the PCC cells becomes increasingly severe with 
increasing base width. The sublinear responsivity of a PCC cell by Sinton has 
also been confirmed at Sandia by Gee [11]. In Figure 2.12, it is observed that the 
responsivity of the 100 ohm-cm, 100 /um PCC cell of Sinton is indeed highly 
sublinear. Finally, the effects of emitter size and spacing on the sublinear 
responsivity of PCC cells have also been studied by Sinton |10]. In general, the 
smaller the coverage of the back surface of the cell by the emitters, the greater 
the sublinearity.
2.S.2.4 Other Advanced Designs
Two other advanced solar cell designs under consideration for concentrator 
applications are believed to exhibit sublinear responsivity. These are the vertical 
multiple junction (VMJ) cell [52] and the etched vertical multiple junction 
(EVMJ) cell [53], shown in Figures 2.13 and 2.14. The VMJ cell is actually many 
separate solar cells connected in series. Some of the chief advantages of the VMJ 
cell is improved spectral response and reduced resistive losses. Because light is 
incident perpendicular to the junctions, a two-dimensional analysis is required. 
The EMVJ features deep vertical grooves on the front surface of the cell, into 
which the emitter junctions are formed. The advantages of this cell are reduced 
resistive losses due to the thick emitter metallizations which are possible and 
improved quantum efficiency due to the deep collecting junctions. Again, 
because light is incident perpendicular to the junctions, a two-dimensional 
analysis is required. At this time, no measure of the responsivity of these cells 
has been found in the literature. However, through modeling, it is possible to 
provide at least a means of predicting the sensitivity of these designs to sublinear 
responsivity. For example, a comparison of the IBC and EMVJ designs has been 
made by Gray through the use of the two-dimensional solar cell analysis 
program, SCAP2D [25]. Gray predicts slightly improved performance of the 
EMVJ design over the IBC design with respect to the cell responsivity. Modeling 
issues such as these will be discussed at greater length in the following chapters.
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Figure 2.11 The Normalized Responsivity of Four PGC Cells, with Base 
Resistivities (n-type) of 100 ohm-cm and Base Widths of 100, 165, 
and 240 pm [9].
Two types of surface treatment have been used: an anti-reflective 
coating (A-R) and a silicon dioxide layer (SiO2). The curves 
represent the efforts of Sinton et al. [9] in modeling the measured 
responsivity.
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Figure 2.13 Diagram of the Vertical Multiple Junction (VMJ) Solar Cell [52].
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Figure 2.14 Diagram of the Etched Multiple Vertical Junction (EMVJ) Solar
Cell [53].
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2.4 Occurrences of Superlinear Responsivity
A number of researchers have reported superlinear short circuit current 
responsivity to increasing solar intensity in silicon concentrator cells [12-23]. A 
summary of these findings is presented in Table 2.2.
The most comprehensive investigation of superlinearity has been undertaken 
by a group under the direction of C. E. Backus at Arizona State University. 
Backus et al. have reported superlinear data for several silicon concentrator cells 
of both the p+nn+ and the n+pp+ conventional geometry design [15,17-21]. In 
particular, a superlinear response has been found for a 0.3 ohm-cm, 300 fxm wide 
P+Bn+ cell fabricated by M/A COM PHI; a 0.15 ohm-cm, 300 fxm wide p+nn+ 
cell fabricated by UEC; and two 0.3 ohm-cm n+pp+ cells, one 300 fxm wide, the 
other, 500 f i m  wide, fabricated by ASEC [20]. A plot of the responsivity 
measured for these cells- is shown in Figure 2.15 for concentrations ranging from 
I to 1400 suns. The superlinearities observed for these cells are at most eight 
percent at the highest solar intensities and are modest when compared with the 
degree of sublinearity found for the cells in Section 2.3. Some further examples 
of superlinear responsivity in conventional geometry cells observed at Arizona 
State University are also reported in Table 2.2 [15,17,18].
Some incidences of superlinear responsivity have been reported by other 
groups. At Sandia Labs, Nasby has observed the superlinear responsivity in a 0.3 
ohm-cm, 300 fxm wide p+nn+ cell, as illustrated in Figure 2.16 [14]. This cell has 
been encountered before, in the Sandia Split Lot. Interestingly, from Figure 2.2, 
a nearly linear responsivity is recalled for this cell.
Dalai and Moore [12] and Metzdorf and Krause [23], as well, demonstrate 
cases of superlinear responsivity. For example, as observed in Figure 2.17, 
superlinearity of the short circuit current occurs when small ac signals of long 
wavelength light are applied simultaneously with a steady dc bias light of 
increasing intensity.
Superlinearity has also been observed in the bifacial cell [22], an advanced 
design for silicon concentrator cells. The bifacial design retains the same back 
surface field (BSF) structure as the conventional geometry design, except for the 
double-sided metallization grid needed to allow contact to the p+ and n+ diffused 
regions and the passage of light into both sides of the cell. Extensive testing 
indicates that the superlinearities are more pronounced in the posterior operation 
mode and that the superlinearities are particularly apparent in poorer quality 
materials. •
To explain the superlinearity observed in the cells just discussed, several 
theories have been advanced. In the following section, a brief summary of these
Table 2.2 Experimental Reports of Superlinear Responsivity.
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Figure 2.16 The Normalized Responsivity of a 0.3 ohm-cm, 300 fxm dell, 
Reported by Nasby et al. [14].
The solid line and the dashed line represent, respectively, the 




1.30- A Response at X =
1.25-






















Figure 2.17 The Normalized Responsivity of a Silicon Solar Cell for Different 
Wavelengths of the Incident Light [12].
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theories is made. For the reminder of this thesis, concern shall be focused 
entirely on investigations for the causes of sublinear responsivity.
2.5 Soitie Explanations for Supeitlinear Responsivity 1
In order to explain the occurrences of super linear responsivity, two major 
theories have been advanced. The first theory suggests the enhancement of the 
minority carrier lifetime in the base at high solar intensity as the cause of the 
super linearity, while the second suggests the enhancement of the base electric 
field at high solar intensity. These two theories are now briefly reviewed.
2.5.1 Enhancement of the Minority Carrier Lifetime in the Base
.. ■ ' ! •
One explanation for super linearity responsivity is the enhancement of the
minority carrier lifetime in the base as high level injection conditions are reached 
in the cell [25]. Under low level injection conditions, the recombination rate for 
the minority hole carriers in an n-type base is [54]
R =  T l . (2.5)7P
where Ap is the excess hole concentration and rp is the hole lifetime. As the 







where is the ambipolar lifetime,
=  Tp Tj1 . (2-7)
Since the ambipolar lifetime is twice the minority carrier lifetime at low level 
injection conditions (assuming the hole and electron lifetimes are equal)) the 
ability of the cell to collect carriers will be improved, especially at the longer 
wavelengths, leading to superlinear responsivity at high solar intensities. After 
the carrier lifetime has become fully ambipolar, saturation of the superlinear 
effect should then occur.
It has also been suggested that enhancement of the minority carrier lifetime 
may occur through the filling of traps in the forbidden gap as the carrier 
concentrations are increased [12,13,23]. However, recent experimental work has 
demonstrated that the effective minority carrier lifetime actually decreases as the 
illumination intensity increases due to emitter and back surface recombination 
[55].
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In any case, superlinearities due to minority carrier lifetime enhancement 
exist only when recombination in the cell is dominated by Shockley-Read-Hall 
processes [54]. As the solar intensity reaches higher levels, losses to Auger 
recombination [6] become significant and sublinear behavior, as described in 
Chapter V, is anticipated.
2.5.2 Enhancement of the Base Electric Field
A second explanation for superlinearity responsivity is the enhancement of 
the base electric field with the increase in solar intensity [21,22]. Both analytical 
and numerical modeling suggest that, as the flow of current increases in the cell 
at high illumination, an ohmic electric field arises in the base, aiding the 
collection of minority carriers. The electric field, also known as the Dember field 
[6], has its origin actually in the nonequality of the electron and hole mobility 
and aids in the collection of minority carriers in both n+ p and p+ n structures. 
The effect of the Dember field can be incorporated in analytic models through 









A plot of this expression appears in Figure 2.18 for a typical 0.3 ohm-cm n+p 
cell. The Dember field effect can also be viewed directly through numerical 
modeling in one-dimension [56]. In general, the results of the modeling show 
strong support for the enhanced base electric field as the cause for the 
experimentally observed superlinear responsivity.
2.6 Summary
In summary, a large body of evidence in the literature has been assembled 
illustrating the many occurrences of nonlinear short circuit current performance 
in silicon concentrator solar cells operated at high solar intensity. Both sublinear 
and superlinear behaviors of the short circuit current have been reported, yet the 
focus of this thesis shall be on exploring the causes of sublinear responsivity. 
Superlinear responsivities have been well-studied through the efforts of Backus et 
al. [15,17-21], and these efforts have been briefly summarized in this chapter. 
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Figure 2.18 Effective Diffusion Length versus the Electric Field in the Base of a
0.3 ohm-cm n+p Cell [21].
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conventional geometry, the interdigitated back contact, and the point contact 
concentrator cell designs. Designs such as the passivated emitter solar cell, the 
vertical multi-junction cell, and the etched multiple vertical junction cell shall 
not be discussed henceforth as data for these cells are not sufficiently available in 
the literature.
To study the sublinear short circuit current responsivity, the solar cell 
analysis programs in one and two dimensions, SCAPlD [24] and SCAP2D [25] 
have been employed. In the following chapter is given a description of the 
physical models incorporated in these programs to account for the various 
phenomena which occur in silicon. In Chapters IV and V, investigations of the 
observed sublinear responsivity are then made using SCAPlD and S CAP 2D for 
the conventional geometry solar cell and the back-contacted (IBC and PCC) 
solar cells, respectively.
A common aspect of the conventional geometry, EBC, and PCC cells is the 
high base resistivity. Understanding the occurrences of sublinear responsivity in 
these cells will be particularly useful since modeling results indicate that the 
optimal efficiency solar cell will be a thin, high-resistivity base cell operated at 
high solar concentration [57].
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C H A PT E R m
DEVICE PHYSICS MODELS 
FOR SILICON SOLAR CELLS
3.1 Introduction
A powerful tool for the investigation of solar cell performance is the 
numerical analysis program for solar cells in one dim ension, SCAPlD [24], and 
two dimensions', SCAP2D [25]. Using the method of finite differences, SCAPlD 
and SCAP2D find solutions to the three principle equations describing 
semiconductor device operation, that is, Poisson’s equation, the hole current 
continuity equation, and the electron current continuity equation. As a result, 
with SCAPlD and SCAP2D, the physical m echanism s controlling the 
performance of solar cells can be examined in detail. Furthermore, a comparison 
of various cell designs through simulation, rather than actual experiment is 
possible. The two dimensional capabilities of SCAP2D are especially useful since 
most cell designs, including the conventional geometry cell, are inherently two 
dimensional. It will be argued later that even the point contact cell, most 
properly a three dimensional problem, can be modeled adequately in just two 
dimensions.
In this chapter, the models used by SCAPlD and S CAP 2D to describe the 
physics of solar cell operation are discussed, beginning with the three 
semiconductor device equations introduced above. Presented next are the 
equations for hole and electron transport in silicon.. After some fundamental 
properties of silicon are listed, models for the semiconductor phenomena 
occurring in silicon are introduced. These phenomena include impurity diffusion, 
generation, recombination, mobility, bandgap narrowing, and conditions at the 
silicon surface.
In Chapters IV and V, SCAPlD and SCAP2D shall be applied to the 
modeling of sublinear responsivity in the conventional geometry cell and the 
back-contacted solar cell, respectively.
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3.2 The Semiconductor Device Equations
Under isothermal conditions, a semiconductor device operating in the 
steady-state is described by Poisson’s equation,
V2V =  - i - ( n  -  P +  Nd -  Na ) , (3.1)
KLF-
where V is the electrostatic potential, /C8 is the dielectric constant in silicon, Nd 
and Na are the donor and acceptor dopant concentrations; and by the hole and 
electron current continuity equations,
V-Jp =  q (G -R )  (3.2)
and
V-Jn =  q(R -  G) , (3.3)
where Jp and Jn are the hole and electron current densities, G is the optical 
generation rate, and R is the net recombination rate [54]. In Poisson’s equation 
it is assumed that the dielectric constant in silicon, /Cs, does not vary with 
position and that the dopants, Nd and Na , are fully ionized.
3.3 The Transport Equations
Very generalized transport equations for use in analyzing semiconductor 
devices have been written by Lundstrom [58]. These equations are especially 
useful for the analysis of devices in which regions of high carrier concentration 
exist (for example, in the emitters and highly injected base of silicon solar cells), 
leading to bandgap narrowing effects. The transport equations are cast in a 
simple, Boltzmann-like form in which the bandgap narrowing effects caused by 
rigid band shifting, nonuniformities in the band structure, and carrier 
degeneracy are described by two measureable parameters, the effective gap 
shrinkage and the effective asymmetry factor. The hole and electron transport 
equations, in this form, are
Jp =  -  pq/^pV V-(I -7)- —  k B T / Z p V p (3.4)
and
nq/^V V +  7 +  kB Tzzn Vn , (3.5)
where /Zn and (Jv are the electron and hole mobilities, kB is Boltzmann’s 
constant, T is the temperature, AEgdl is the effective band gap shrinkage, and 7 
is the effective asymmetry factor.
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Because experimental determination of the bandgap narrowing parameters 
is difficult, a number of models describing bandgap narrowing have been devised. 
Some of these models will be introduced later in this chapter.
3.4 Fundamental Properties of Silicon
In Tables 3.1 and 3.2 are listed some physical constants and some important 
fundamental properties of silicon at 300°K.
In Table 3.2, the total electron and hole effective masses, mg and m^, have 
been calculated, taking into account the ellipsoidal energy surfaces, from the 
following relations:
* ( * *2 ) 1/3
me =  Im] mj I (3.6)
* {  * 3 /2  , * 3 /2 )  2Z3mh =  mlh > +  mt 7 I (3.7)
As indicated in Table 3.2, many of the important properties of silicon are 
temperature dependent. The intrinsic carrier concentration, nj0, in particular, is 
highly sensitive to changes in the temperature. A useful empirical relation for 
the temperature dependence of ni0 has been found by Barber [59], whereby
ni0 =  3.1 x IO16T3/2 exp
0.603
kBT (3.8)
Also, the temperature dependence of the energy band gap has been fitted by 
Varshni [60], using the expression,
«t>2
Ee =  1.16 -  7.02 x IO"4 —— ------ .
g T +  1108
(3.9)
For the other parameters in Table 3.2, operation at room temperature (300°K) is 
assumed.
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Table 3.1 Universal Constants in Semiconductors [54].
Constant Symbol Magnitude
Boltzmann’s constant k 1.38 x IO-23 J -K -1
Electronic charge q 1.602 x HT19 C
Free-electron mass En0 0.1 ^ IO-31 kg
Permittivity of free space 8.854 x IO-14 F-Cm "1
Plank’s constant h 6.625 x IO"34 J-sec
Table 3.2 Important Properties of Silicon (at 300°K) [54].
Property Symbol Magnitude
Dielectric constant Ks 11.8
EfiFective density of states
Conduction band Nc 2.8 x IO19 cm"3
Valence band Nv 1.02 x IO19 cm"3
Electron affinity X 4.01 eV
Energygap Eg 1.12 eV
Intrinsic Carrier Concentration Dio 1.20 x 101G cm"3
Effective mass
Electrons *EQe 0.33 m0
Longitudinal mi* 0.98 m0
Transverse mt* 0.19 m0
Holes m ^ 0.55 mQ
Light-hole mIh * 0.16 m0
Transverse IUllh 0.49 m0
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3.6 Model# for Semiconductor Phenomena in Silicon
In this section, physical and empirical models for the iihpurity diffusions, the 
generation rate, the recombination rate, the carrier mobility, the bandgap 
narrowing, and the surface conditions in silicon are discussed. A nummary of 
these models is provided in Table 3.3. A more complete survey of device physics 
models for silicon can be found in Selberherr [61 j.
#s6»i Impurity Biffusions
Determining the impurity profiles in semiconductor devices requires careful 
eiipefimental characterization. Often these characterizations are hot available. 
As a result, modeling of the impurity profile is necessary.
The mathematical relations governing diffusion are known as Fick’s Laws 
[62]. These laws have been applied to the two types of impurity diffusion which 
generally occur in semiconductor devices [63]. The first is known as the constant 
source diffusion and describes the diffusion which occurs when the semiconductor 
Surface is supplied with a continuously replenished source of im p u r ity  atoms. 
The second is known as the limited source diffusion and pertains to the diffusion 
which occurs when a thin layer of impurity atoms is deposited on the 
semiconductor surface and serves as the diffusion source. The solutions to Fick’s 
Laws, though based oh classical theory for diffusion into an infinite slab, are 
quite reasonable approximations for the typically shallow diffusions into 
semiconductors.
3.6.1.1 Constant Source Diffusion
For a Constant source diffusion, the solution to Fick’s Laws is given by the 
complementary error function,
N(x,t) =  N0 erfc (3.10)
■tfheCe N(k,t) is the impurity concentration at a distance x into the wafer at time 
t, N0 is the impurity concentration at the surface, and D is the diffusion 
coefficient.
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Generation Absorption coefficient, a: 
Solar spectrum, $  
Reflection coefficient, T
Rajkanan et al. [65] 
Hulstrom et al. [64]
Recombination
. '• ;
Bulk lifetimes, Tp and rn 
Band-to-band Auger 
coefficients, Cp and Cn
Trap-assisted Auger 
coefficients*, T j, T2,




Dziewior and Schmid [34], 
Sinton and Swanson [35], 
Vaitkus and Grivitskas [42], 
and others [43-46,74-84]
Von Roos and Landsberg [85]
Pankove [88]






Caughey-Thomas Model [89], 
Arora Model [90]
Dorkel and Leturq [91]
Bandgap
narrowing




Slotboom and DeGraaf [99], 
Lanyon and Tuft [102], 
Mahan [103], Abram [32], 





velocities, Sp and Sn 
Surface charge density, Qgg
Shockley-Read-Hall [66,67] 
Till and Luxon [108]
* Not presently available in SGAPlD and S CAP 2D.
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3.5.1.2 Lirnited Source Diffusion
For a limited source diffusion, the solution is given by the Gaussian 
function,
N(x,t) =  N0 exp (3.11)
3.5.1.3 Parameters
In actuality, modeling of the impurity profile in SCAPlD and SCAP2D 
requires only knowledge of the junction depth, xj, and the carrier concentration 
a t the surface, N0. The rest of the profile is then determined through use of 
Equation 3.10 or 3.11.
3.5.2 Generation
The generation term, G, is computed in the program using [25]
OO '
G(x) =  / ( I  — r)^>ae“0fXdX (3.12)
o
where the incident photon flux, $, the reflection coefficient, F, and the 
absorption coefficient, c*, are all functions of the wavelength, X.
The incident photon flux is found from measurements of the solar spectra. 
Since solar spectra are affected by latitude and atmospheric conditions, standards 
have been established by the assignment of an Air Mass (AM) number to many 
types of solar spectra [64]. The most useful of these standards for device analysis 
are the AMO spectrum, representing the solar spectrum in outer space, the AM1.0 
spectrum, representing the solar spectrum on the surface of the earth when the 
sun is at its zenith and weather conditions are optimal, and the AMl.5 spectrum, 
representing the solar spectrum on the surface of the earth when the sun is 48 
degrees from the zenith (appropriate for the midlatitudes) and weather 
conditions are again optimal. Measurements of the distribution of power versus 
wavelength for these Air Mass Spectra, available as data to SCAPlD and 












Figure 3.1 Distribution of Power versus Wavelength for the Three Principal 
Air Mass Spectra: AMO, AM1.0, and AMI.5 [64].
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For the wavelength dependence of the absorption coefficient, an empirical 
formula by Rajkanan et al. [65] is used,
o<T) =  CiAj
i—1,2 
j-1,2
(hi/ -  Ei  (T) +  Epl] 2 (hi/ -  Ei  (T) -  EplJ
exp -  I I — exp
(3.13)
kBT
+  Ad [h i/- E ld (T)] 1/2 ,
where Eg(T) has been defined as a function of temperature in Equation 3.9 and v  
is the wave frequency. Values for the model parameters are found in Table 3.4.
Table 3.4 Parameters for the Absorption Coefficient Model 
by Rajkanan et al. [65]."
Parameter Value
Et l (O) 1.1557 eV
Et2(O) 2.5 eV
Etd(O) 3.2 eV
Ep1 1.827 x IO-2 eV
Ep2 5.773 x i<r* eV
Ci 5.5
C2 4.0
A1 3.231 x io2 cnf 1—c F 2
A2 7.237 x IO3 cm-1 —eV-2
Ad 1.052 x IO6 cm-1 —eV-2
With this formula, experimental data for the absorption coefficient can be 
accurately fit over an energy range of 1.1 to 4.0 eV and over a temperature range 
of 20—500°K. An example of this fit is shown in Figure 3.2.
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Figure 3.2
■ Experimental Data 
——  Fitted Curve
at T =  300°K
Absorption io' 
Coefficient,
0.2 0.4 0.6 0.8 1.0 1.2
Wavelength, X ( / L t m)
Fit of the Rajkanan Model for the Absorption Coefficient Versus 
Wavelength to Experimental Data at 300° K [65].
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3.5.3 Recombination
The net recombination rate is the sum of the Shockley-Read-Hall, Auger, 
and radiative processes [3]. When Boltzmann statistics and a single trap level are 
assumed, the net recombination rate has the form,
R =  (pn -  nf0) Bo +  Cnn +  CpP -f 1 - . - ,.v
rn(p +  P i )  +  7 p ( n  +U 1): ’ (3.14)
where B0 is the radiative coefficient, Cn and Cp are the electron and hole Auger 
coefficients, Tn and Tp are the electron and hole minority carrier lifetimes, and pj 
and nj are determined by the position of the trap level.
3.5.3.1 Shockley-Read-Hall Recombination
iBefects and impurities introduce in the forbidden gap of silicon trapping 
energy levels at which the recombination of electrons and holes may occur. This 
form of indirect recombination has been studied in detail by Shockley and Read 
[66] and Hall [67]. The parameters associated with the Shockley-Read-Hall 
(SRH) recombination are the carrier lifetimes, rn and rp, and the trap level 
concentrations, nj and P1.
The doping dependence of the minority carrier lifetimes, rn and rp has been 










(Nd +  Na ) ’ 
Nc
(3.16)
where rno and rpo, known as the SRH lifetimes, are measured in lowly doped 
material and Ne is the Kendall lifetime fitting parameter equal to 7.1 * IO15 
cm-3 [69].
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The trap level concentrations, P1 and H1, are dependent on the position of 





Et — Ei 
kBT
(3.18)
for electrons, where Ei is the intrinsic energy level and Et is the trap energy 
level. Typically, it is assumed that the trap energy level is at the intrinsic level 
(which is quite nearly the midgap energy). In this case, P1 and B1 are just equal 
to the intrinsic carrier concentration, nio.
S.5.S.2 Anger Recombination
The process through which the recombination energy of an electron and hole 
is released as kinetic energy to a third carrier, either an electron or hole, is 
known as Auger recombination [54]. For device analysis, two types of Auger 
recombination, band-to-band Auger recombination and trap-assisted Auger 
recombination, are considered to be important, though the existence of many 
other types of Auger recombination has been theorized [70]. Because band-to- 
band Auger recombination is believed to dominate over trap-assisted Auger 
recombination in heavily-doped silicon [71], only the band-to-band process is 
presently incorporated in the SCAPlD and SCAP2D models.
Band-to-Band Auger Recombination
In the band-to-band process, the collision of two electrons, for example, in 
the conduction band results in the recombination of one of these electrons with a 
hole in the valence band and the release of the recombination energy as kinetic 
energy to the second electron. The coefficient representing this process is known 
as the electron-electron-hole Auger coefficient, Cn. Correspondingly, in the 
valence band, the collision of two holes results in the recombination of one of 
these holes with an electron in the conduction band and the release of the 
recombination energy as kinetic energy to the second hole. The coefficient 
representing this process is known as the electron-hole-hole Auger coefficient, Cp.
A number of measures of the Auger coefficients have been made in both 
heavily doped and highly injected silicon, as reported in Table 3.5. Observe that 
in Table 3.5 the ambipolar band-to-band Auger coefficient, Ca , where 
Ca =  Cn 4- Cp, has been quoted. Quite a range of values* indeed, is encountered
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Table 3.5 Reported Values for the Ambipolar 
Band-to-Band Auger Coefficient in Silicon.
Source Value of C^
(x io-31 cm6—sec-1)
Condition
Possin et al. [76] 0.4 Heavily doped
Voitsekhovskii et al. [77] 0.4 (Cn) Highly injected
Krieger and Swanson [78,79] 0.5 (Cn) Heavilydoped
Passari and Susi [80] 1.9 Heavily doped
Fossum et al. [71] 2-4 Heavilydoped
Beck and Conradt [81] 2.9 Heavily doped
Grekhov et al. [82] 3 Highly injected
Dziewior and Schmid [36] 3.8 Heavily doped
Svantesson and Nilsson [74] 3.88 Highly injected
Vaitkus et al. [83] 4 Highly injected
Baeri et al. [44] 8 Highly injected
Grimaldi et al. [43] 10 Highly injected
Pang et al. [46] 12 Highly injected
Grekhov and Delimova [41] 15 Highly injected
Sinton and Swanson [35] 16.6 Highly injected
Yablonovitch and 20 Highly injected
Gmitter [45]
Blinov et al. [84] 50 Highly injected
Vaitkus and Grivitskas [42] Variable Dependent on the
I carrier density
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in this study. A critical evaluation of these measures for the band-to-band Auger 
coefficients is found in Tyagi and Van Overstraeten [72] and Blakers et al. [73].
The values of the band-to-band Auger coefficients most often used in 
simulations programs are those of Dziewior and Schmid [34]. Through 
observation of the decay of the luminescence emitted from highly doped silicon 
samples after excitation by a laser pulse, Dziewior and Schmid have determined 
the electron-electron-hole Auger coefficient, Cn, and the electron-hole-hole Auger 
coefficient, Cp, to have the values, 2.8 x IO-31 cm6—sec-1 and 0.99 x IO-31 
cm6—sec-1 , respectively, yielding an ambipolar value of 3.8 x IO-31 cm6—sec-1. 
Offering support for the Dziewior and Schmid Auger coefficients are 
measurements in highly injected silicon by Svantesson and Nilsson [74,75], who 
have analyzed the decay of recombination radiation after laser pulsing.
Other measures of the band-to-band Auger coefficients in silicon have been 
made by Possin et al. [76] through the quantitative electron-beam-induced 
current (QEBIC) method and the numerical modeling of silicon transistors; by 
Voitsekhovskii et al. [77] through the investigation of the kinetics of transients 
processes in n-type silicon subjected to a high rate of excitation with electron 
pulses; by Krieger and Swanson [78,79] through a method based on hot electron 
generation in metal-insulator-semiconductor structures; by Passari and Susi [80] 
through modeling of minority carrier lifetime data; by Fossum et al. [71] also 
through minority carrier lifetime modeling, taking into account Shockley-Read- 
Hall (SRH) recombination, Band-to-Band Auger (BBA) recombination, and 
Trap-Assisted Auger (TAA) recombination (a discussion of TAA recombination 
appears in the following section); by Beck and Conradt [81] through a method 
similar to that of Dziewior and Schmid, but with somewhat weaker excitation 
intensity; by Grekhov et al. [82] through observation of the transient switching 
of silicon diodes; by Vaitkus et al. [83] through photoconductivity measurements 
and Hall effect measurements with allowances made for the mobility reduction 
due to electron-hole scattering; by Baeri et al. [44] and Grimaldi et al. [43] 
through observation of the transmitted energy density through silicon samples 
after laser pulsing and correlation of these findings with a thermal model; by 
Pang et al. [46] through deep level transient spectroscopy (DLTS) 
measurements, photoconductive decay (PCD) lifetime measurements, and 
minority lifetime modeling in which SRH, BBA, and TAA recombination are 
again considered; by Grekhov and Delimova [41] through the method of 
absorption of probe radiation by nonequilibrium carriers; by Sinton and Swanson 
[35] through analysis of steady-state and transient measurements of open circuit 
voltage data in point contact cells; by Yablonovitch and Gmitter [45] through 
contactless measurement of the minority carrier lifetime in silicon wafers with
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very low bulk and surface recombination; and by Blinov et al. [84] through 
measurement of the absorption of monochromatic probe light by nonequilibrium 
carriers, which have been excited in the sample by means of a laser.
The final entry in Table 3.5, that of Vaitkus and Grivitskas [42], indicates 
that the Auger coefficients might be functions of the carrier concentration. The 
dependence of the Auger coefficients on carrier density has also been suggested 
by Yablonovitch and Gmitter [45] and by Pang et al. [46]. In Figure 3.3 are 
shown experimental data for the electron-electron-hole Auger coefficient, Cn, and 
the electron-hble-hole Auger coefficient, Cp, taken by Vaitkus and Grivitskas 
over the range of IO16 to IO20 cm-3. Also shown in in Figure 3.3 is a very 
approximate fit to the Vaitkus and Grivitskas data for Cp and Cn made in 
SCAP2D using the expressions,
and
(3.19)
Cp Gi + (3.20)
where the values of the parameters, C1, C2, a, nc , and pc are defined in Table 
3.6.
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In Figure 3.4, the various experimental measures of the ambipolar Auger 
coefficient in silicon presented in Table 3.5 are summarized graphically. Note in 
particular that the ambipolar Auger coefficient of Vaitkus and Grivitskas at low 
concentration agrees well with the Sinton and Swanson value, for example, and 
decreases at higher concentrations such that a good match with the Dziewior and 








I I 11 m i lT- TTTnTfT I I M m u
Carrier Density, n,p (cm 3)
Figure 3.3 Experimental Measure of the Electron-Electron-Hole Auger 
Coefficient, Cn, and the Electron-Hole-Hole Auger Coefficient, Cp, 
Reported by Vaitkus and Grivitskas [42].
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Blinoy et al. [84]
Y ablonovitch  and G m itter [45]
~ ■» 'mil mi and Swanson [35]
•  Grekhov and D elim ova [41]
V jitk u s and GriVitskas 142] 
^ s s JH eavily doped and h ighly ii
G rim aldi et al. [43] 
f ia e r ie t  al. [44]P ang  et at. [46]
(H eavily doped and h ighly injected)Ambipolar 
Auger 
Coefficient, 
Cu +  Cp, 
(cm6 sec-1)
J te c k u n d  Conrudt [81] D liew ior  
Svantesson and N ilsson  [74] F ossu m  et at. [71]
Grekhov et al. [82] — —
P assari and Siisi [80]
— ■ H eavily Doped Silicon  
— — H ighly Injected Silicon
K rieger and Swanson [78,79] 
P ossin  et al. [76]
V oitsekhovskii et al. [77]
N o t shown is the V aitkus et al. [83] data  which  
m atch closely those o f  Svantesson and N ilsson
Carrier Density, n, p (cm 3)
Figure 3.4 Summary of Experimental Measures of the Ambipolar Auger 
Coefficient in Silicon.
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Some explanations for the extremely wide scatter in measurements of the 
Auger coefficients are the occurrence of bandgap narrowing and the reduction of 
the carrier mobility due to carrier-carrier scattering in heavily doped and highly 
injected silicon [73,106], which complicate the extraction of the Auger coefficient 
values from the experimental data.
Trap*Assisted Auger Recombination
A phenomenon not presently included in the SCAPlD and SCAP2D models 
is the trap-assisted Auger process. In this process, an electron, for example, in 
the conduction band collides with a second electron in a trap which subsequently 
recombines with a hole in the valence band. The energy released by the 
electron-hole recombination is then given to the first electron as kinetic energy. 
An expression for the recombination rate which includes the trap-assisted Auger 
process has been developed by Von Roos and Landsberg [85]. This expression is
R =  (pn - n f 0
where
F = B 0 + C nn +  Cp P , (3.22)
G  =  — b T i n  +  T 2P  , ( 3 .2 3 )
JNt
and t
H =  -TT- +  T3n +  T 4 P  , (3.24)
. . INt
where T 1 , T 2 , T3, and T 4 are the rate constants of the trap-assisted Auger 
recombination process, and Nt is the density of trap states. Table 3.7 gives the 
values suggested in the literature for these coefficients. Observe that when the 
trap-assisted Auger processes are removed (that is, Tj = 0 , i—1,4; and N1 =  0), 
the total recombination rate in Equation 3.21 reduces to the usual form given in 
Equation 3.14.
GHNt
F +  G(n +  nj) +  H(p +  pi)
(3.21)
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Table 3.7 Values for the Trap-Assisted Auger Recombination 
Coefficients in Silicon [85].
Parameter Value
T1 not given
T2 IO-28 to IO-25 Cm6-Sec-1
T3 IO-28 to 10-25 cm6-sec-1
T4 not given
Nt IO11 to IO14 cm-3
In Table 3.7, a range of values for Tj and Nt are given since very few 
experimental reports of these parameters exist [85]. In a theoretical study, Haug 
[86] has found T2 =  2 x 10 27 cm6-sec—1 and T3 =  5 x 10—27 cm6-sec-1 for 
Au-doped silicon. Meanwhile, Fossum et al. [71] have calculated T1 =  2 x 
IO-29 cm6-sec-1 and T3 =  2 x IO-27 cm6-sec-1, with Nt =  IO11 cm-3. For the 
purpose of modeling, knowledge of the combination TiNt alone has significance. 
For example, Pang et al., [46] have found through deep level transient 
spectroscopy (DLTS), photoconductive decay (PCD), and lifetime modeling a 
value for T2Nt, equal to 2 x 10 14 cm3-sec * in undoped silicon and 8 x IO-14 
cm3-sec-1 in Ga-doped silicon.
Importantly for device analysis, it has been demonstrated that trap-assisted 
Auger recombination through shallow donor and acceptor levels can approach 
rates comparable with the band-to-band Auger process [87]. Moreover, recent 
modeling of Ga-doped silicon has shown the inadequacy of SRH and band-to- 
band Auger recombination, in the absence of trap-assisted Auger recombination, 
in explaining the observed minority carrier lifetime [46].
3.5.S.3 Radiative Recombination
Radiative recombination occurs when an electron from the conduction band 
makes a transition directly to an unoccupied state in the valence band followed 
by the emission of a photon [6]. Radiative recombination therefore represents 
the reverse process of photon absorption and the creation of an electron-hole 
pair. Because silicon is an indirect gap semiconductor, the emission or absorption 
of a phonon is required for the conservation of momentum. Thus, radiative 
recombination is much less likely than the SRH and Auger mechanisms. A value 
quoted in the literature for the radiative coefficient is 2.0 x 10-15 cm3—sec-1 [88]. 
In SCAPlD and SCAP2D, the radiative coefficient is not actually present in the 
model equations at all and therefore has the trivial value, zero.
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8.5.4 Carrier Mobility
The mobility of electron and holes in silicon is determined by collisions with 
lattice vibrations (acoustical phonon scattering), impurities (impurity scattering), 
and collisions among the carriers themselves (electron-hole scattering). In this
section are presented mobility models determined from acoustical phonon and 
impurity scattering. These models are then extended to take into account 
electron-hole scattering. Two related issues, the ambipolar diffusion and the 
distinction between minority and majority carrier mobility, are also discussed.
8.5.4.1 Acoustical Phonon and Impurity Scattering Models
In non-polar semiconductors, such as Si, the most important scattering 
mechanisms for the charge carriers are acoustic phonon scattering and impurity 
scattering [54]. For independent scattering mechanisms, the scattering 
probabilities are additive quantities and, thus, the combined mobility for these 
mechanisms can be found through the application of Mathiessen’s rule,
where /Uac is the mobility due to acoustic phonon scattering, and /4 is the 
mobility due to impurity scattering.
One of the most widely used expressions for carrier mobility limited by 
acoustical phonon and impurity scattering has been suggested by Gaughey and 
Thomai [89],
where values for the parameters /Um a x ,  /Um i n ,  Nref, and a  for both electrons and 
holes are found in Table 3.8. A plot of the hole and electron mobility 
determined from the Caughey-Thomas Model as a function of the im p u r i t y  




(Cm 2V - 1
-sec-1) 600
Donor/Acceptor Density (cm-3)
Figure 3.5 Electron and Hole Mobilities Determined from the Caughey- 
Thomas Model as a Function of the Impurity Concentration [89].
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Table 3.8 Parameter Values for the Caughey-Thomas Mobility Model [89].
Carrier Mmax Mmin Nref OC
Type (cm2 —V-1 —sec-1) (cm2 —V-1 —sec-1) (cm 3)
Electrons 1330 65 8.5X1016 0 .72
Holes 495 47.7 6.3X101® 0.76
A modified version of the Caughey-Thomas formula which includes 
temperature dependent parameters has been devised by Arora ei al. [90],
AtAR AhninT1/ 1 +
^Ahnas Ahninj 02
I +
Na + N d
NrefT10 3
04 (3 .27)
where Tn =  T /300 is the normalized temperature. Parameter values for the 
Arora model are presented in Table 3.9.










Electrons 1340 88 1.26X1017 0 .88
Holes 461 54.3 2.35X1017 0.88
A 02 02 04
Electrons -0 .57 -2 .33 2.4 -0 .146
Holes -0 .57 -2 .23 2 .4 -0 .146




When very large concentrations of electrons and holes coexist in the device, 
an additional mechanism, electron-hole scattering, can also be significant. To 
account for the scattering which results from the opposing flow of electrons and 
holes, such as in the intrinsic region of a PIN diode, Dorkel and Leturq [91] have 




^ehs v7V p n
hr I +  8.28*108T2(pn)-1/3 •
 ̂ /
where p and n are the hole and electron concentrations per cubic centimeter and 
T is the temperature in degrees Kelvin. With electron-hole scattering, the total 








Excellent agreement of this model has been made with the experimental results 
of Dannhauser [92] and Krausse [93]. To illustrate the effect of electron-hole 
scattering, the total electron and hole mobility determined from Equation 3.29 as 
a function of the electron-hole concentration is plotted in Figure 3.6. These 
calculations are made assuming both a low (1013 cm-3) and a high-(IO17 cm-3) 
background impurity concentration.
3.5.4.S The Ambipolar Diffusion Coefficient
In not every instance of large electron and hole concentration is electron- 
hole scattering thought to be significant. For example, it is believed that during 
ambipolar flow, in which the electrons and holes flow in the same direction, very 
few carrier collisions occur [94-96]. As a result, it is anticipated that the 
ambipolar diffusion coefficient can be determined directly from an acoustical 
phonon scattering and impurity scattering mobility model, like that of Caughey- 
Thomas, using
2kT Mn Mp 
q (Mn +  Mp)
(3.30)
Making such a calculation in lightly doped silicon yields D^ =  18.6 cm2—sec-1 . 
Furthermore, an experimental determination of the ambipolar diffusion 
coefficient by Grekhov and Delimova from the decay of probe light absorbed by 
nonequilibrium carriers in a high resistivity n-type silicon [97] gives D^ as 18 









Free Carrier Concentration (cm )
Figure 3.6 The Electron and Hole Mobility as a Function of the Carrier 
Concentration, Taking into Account the Electron-Hole Scattering 
Model of Dorkel and Leturq [91], at Low (IQ13 cm-3) and High 
(IQ17 cm-3) Background Impurity Concentrations.
Considering the many-body effects which may occur at high injection levels, 
Young and van Driel [98] predict that the ambipolar diffusion coefficient 
decreases slightly with increasing carrier concentration. However, at extremely 
high carrier concentrations (in excess of IO19 cm-3), the effects of carrier 
degeneracy are expected to cause a rapid increase of the ambipolar diffusion 
coefficient. »
i.B.4.4 Miiibrity Carrier Mobility
One final issue regarding carrier mobility is worthy of mention. Because of 
the Scarcity of data for the minority Carrier mobilities in silicon, the minority 
carrier mobilities are usually assumed in device modeling programs to be 
identical to the well-characterized majority carrier mobilities. The use of the 
Caughey-Thomas Model in SCAPlD and SCAP2D, for example, has made just 
such an approximation. Some measures of the minority hole mobility which are
available in the literature have been reported in Table 3.10.
f/ ..-■■■





Measure of the complex diffusion length of 
optically generated minority carriers
Bennett [37] Method of quantum mechanical phase shifts 
and scattering cross sections
Swirhun et al. [39] Measurement of diffusion length in lateral 
bipolar transistors and decay of luminescence 
radiation after laser excitation in the same wafer
Misiakos et al. [40] From lateral collection of photogenerated 
carriers by a semi-infinite junction
Burk and de la 
Torre [38]
From electron beam induced current 
experiments
At free electron densities below IO19 cm-3, Dziewior and Silber [36] have 
found the minority hole mobility to be somewhat higher than the mobility 
reported for the holes when they are the majority carriers. At higher carrier 
densities, Bennett [37], Swirhun et al. [39], and Misiakos et al. [40], too, have 
( found the minority hole mobility to be a factor of about two higher than the
majority hole mobility. Burk and de la Torre [38] have also measured the 
minority hole mobility and provide an empirical expression for the minority hole 
mobility as a function of the majority (electron) density from IO1* to IO21 cm 3. 
While Burk and de la Torre, like Dziewior and Silber, have reported the minority 
hole mobility to be higher than the majority hole mobility in the carrier range, 
IO16 to IO19 cm'-3 , Burk and de la Torre disagree at carrier densities above this 
range with the findings of Bennett, Swirhun et ai., and Misiakos et a/., reporting 
instead the minority hole mobility to be lower than the majority hole mobility. 
A plot of the various measurements of the minority hole mobility as a function of 
the majority (electron) density is made in Figure 3.7. It is believed though that 
the minority electron mobility is nearly equal to the majority electron mobility 
[36,37].
8.5.5 Bandgap Narrowing
As indicated in Section 3.3, bandgap narrowing, whether arising from Heavy 
doping of the device or from operation of the device at high optical or electrical 
conditions, can be characterized by two measureable parameters: the effective 
bandgap narrowing, AEgeff, and the effective asymmetry factor, 7.
The effective bandgap shrinkage, AEgeff, is the sum of the rigid bandgap 
shrinkage, AEg, and the bandgap shrinkage due to the modified band shape and 
the influence of Fermi-Dirac statistics, Bg,
AEgeff =  AEg +  Bg . (3.31)
Both AEg and Bg have conduction and valence band components, so that
AEg =  AEc +  AEy (3.32)
and
Bg — Bq -b By . (3.33)
The effective bandgap shrinkage, AEgeff is commonly known as the electrical 
bandgap shrinkage, since its value is determined from electrical measurements, 
while the rigid bandgap shrinkage, AEg, is commonly known as the Optical 
bandgap shrinkage, since its value can be determined from optical measurements.
Several models for the effective bandgap shrinkage, AEgeff, in silicon have 
been advanced and are listed in Table 3.11. The most notable of these is an 
empirical model devised by Slotboom and De Graaf [99]. An empirical Eqodel has 
also been suggested by Wagneigand del Alamo [100] and has compared well with 
measurements of the bandgap narrowing voltage in heavily doped n-type silicon 
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Figure 3.7 Minority Hole Mobility in Silicon as a Function of the Majority 
(Electron) Concentration.
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transport techniques. Models based on theoretical considerations have also been 
developed by Landsberg et al [101] from calculations of the Debye screening, by 
Lanyon and Tuft [102] from calculations of the stored electrostatic energy of 
majority-minority carrier pairs, by Mahan [103] from calculation of the kinetic, 
exchange, and correlation energy of the electrons in heavily doped silicon, and by 
Lee and Fossum [104] from consideration of the many-body effects and the effects 
of random impurity distribution. These models, for the most part, treat the 
bandgap narrowing problem in heavily doped silicon. Recently, Abram et al. 
[32] have advanced a theoretical model, based on the plasma pole approximation, 
which is suitable for the case of highly injected silicon.
The effective asymmetry factor, 7 , represents the fraction of shrinkage 
occurring in the conduction band,
A X + &y 
1 =  AEg
(3.34)
where AX is the shift in electron affinity. When the rigid band approximation 
and Boltzmann statistics are assumed, as is the case, .for lowly doped 
semiconductors, #c an^ $v are both zero. AEgrff therefore reduces to the actual 
bandgap shrinkage, AEg, while 7 reduces to the actual asymmetry factor, 
AX/AEg. Because solutions for SCAPlD and SCAP2D have been found to be 
relatively insensitive to the effective asymmetry factor, 7 , this parameter is 
typically set to 0.5, giving even splitting of the bandgap narrowing between the 
conduction and valence bands [105].
An important observation regarding AEgefl is now made. That is, through 
manipulation of the transport equations, the effective bandgap Shrinkager AEgeff? 
can be interpreted as simply an increase of the intrinsic carrier concentration to
Hio e 2kT
where nje is the effective intrinsic carrier concentration
(3.35)
Table 3.11 Bandgap Narrowing Models for Silicon.
Model Type - Use




Empirical Heavily doped p-type 
and n-type silicon
Landsberg it  al. [101] Theoretical Heavily doped p-type
I
• • . . . • ' • ‘ • ' .... - . 0. and n-type silicon
Lanyon and Tuft [102] Theoretical Heavily doped and highly 
injected silicon
Mahan [103] Theoretical Heavily doped n-type 
and p-type silicon
Lee and Fossum [104] Theoretical Heavily doped n-type 
silicon
Abram [32] Theoretical Highly injected silicon
Examined now ih detail are those models for the bandgap harrowing from 
Table 3.11 which have been incorporated in SCAPlD and SCAP2D. These are 
the Sldtbbom and DeGrhaf Model, the Lhhyoh and Tuft Model, the Mahan 
Model, and the Abram Model.
3.6.5.1 The Slotbooni and DeGraafModel- ' j  ■ . • '
Erom electrical measurements on bipolar transistors, Slotboom and De 
Graaf [99] have found an empirical formula for the bandgap narrowing as a 
function of the impurity concentration. For acceptors, this formula is
1/2
Na  ' '
AEgeff “  AEgefifc
while for donors, the formula is
AS*- =  a e ^ .
+ +  C1
> '• / \




[N o n .
(3.36)
(3.37)
The values for the parameters in these expressions are defined in Table 3.12.
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Table 3.12 Parameter Values for the Slotboom-DeGraaf 
Bandgap Narrowing Model [99].
Dopant Type AFv N0 C
; (meV) (cm-3)
Acceptors 9.0 1.5 x IO17 0.5
Donors 9.0 1.0 x io17 0.5
Of great significance for modeling programs is that the Slotboom and De 
Graaf model is applicable over a broad carrier range, fitting the data from 4.0 x 
IO15 to 2.5 x IO19 cm-3. A plot of the effective bandgap narrowing shrinkage, 
AEgrft, determined from the Slotboom and DeGraaf Model is shown as a function 
of the donor concentration in Figure 3.8.
S.6.5.2 The Lanyon and Tuft Model
Through calculation of the stored electrostatic energy of majority-minority 
carrier pairs in silicon, Lanyon and Tuft [102] have developed a model for the 
effective bandgap narrowing shrinkage, AEgeff. The results of the Lanyon and 
Tuft Model compare favorably with experimental results in the doping range 
from 3.0 x IO17 to 1.5 x IO20 cm-3 and are valid for either acceptor or donor 
type impurities. Also, since the Lanyon and Tuft theory attributes bandgap 
narrowing to the screening of minority carrier charge by majority carriers, the 
bandgap narrowing can arise not only from a high density of impurity atoms, 
but from a high density of injected carriers as well.
By determining the difference in electrostatic energy between the screened 
coulombic field and the unscreened field, Lanyon and Tiift calculate the effective 
bandgap shrinkage to be
IeTrK8Coas
(3.38)
where Ss is the screening radius. The screening radius is doping dependent. For 
non-degenerate silicon, in the doping range from 1.0 x IO17 to 1.0 x io19 cm-3, 





where n is the free majority carrier concentration and is equal to the net doping
density* Np — . For highly degenerate silicon, in the doping range greater
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A. Slotboom and DeGraaf (nrtype) [99]
B. Slotboom and DeGraaf (p-type) [99]
C. Lanyon and Tuft (n-,p-type) [102]
D. Mahan (n-type) [103]
E. Abram (e-h plasma) [32]
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8\ > 37rq2m* n1/*
(3.40)
where h is Planck’s constant, and m is the effective mass of the majority carrier.
An expression useful in the carrier range between the non-degenerate and 
the highly degenerate regimes (between IO19 and IO20 cm-3) is
SefliND jSefliD







^eff1D 16^ 60^0 (3.43)
The Lanyon and Tuft result at room temperature is 
AEeffiNP =  22.5 (n/lO18)1̂ 2 meV and AEeffp =  162 (n/lO18)1/6 meV. A plot of 
the effective bandgap shrinkage, AEgcff, determined from the room temperature 
result, is shown as a function of the carrier concentration in Figure 3.8.
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3.B.5.3 The Mahan Model
The energy gap as a function of the concentration of donor impurities has 
been calculated by Mahan [103]. By taking into account the kinetic, exchange, 
and correlation energy of the electrons, and using the results of a variational 
calculation for the additional energy of the electrons and holes due to their 
nonuniform distribution, Mahan has found the effective bandgap shrinkage to be, 
in miilielectron volts,
• / \ 1 /3 (







A plot of the effective bandgap narrowing shrinkage, AEgeff, determined 
frons the Mahan Model is shown as a function of the donor concentration in 
Figure 3.8. The Mahan theory is demonstrated to compare favorably with data 
from optical experiments and devices. A very good review of other theories for 
the bandgap narrowing is also available in this source.
3.5.6.4 The Abram Model
Using the self-energy approach, Abram et al. [32] have calculated the 
effective bandgap shrinkage in n-type and p-type silicon. Extension of the 
theory; moreover, allows the determination of the bandgap narrowing for a dense 
electron-hole plasma in silicon. The results of the plasma case are particularly 
useful for analysis of devices under high electrical injection or high optical 
excitation. Abram has prepared a graphical result for AEgrff, shown in Figure 
3.8.
[106],
A fit to these graphical results has recently been made using the expression
AEgefl =  0.321 (3.45)
in miilielectron volts, where nio is defined, as before, to have the value
1.45 x IO10 cm 3 at 300°K. The goodness of this fit is demonstrated in Figure 
3.9.
3.5.6 Surface Conditions
To complete the model, the specification of boundary conditions is 
necessary. Two types of boundaries occur in silicon solar cells, at metal surfaces 
and at oxide surfaces, respectively.
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Abram Theory [32] 
F it (Equation 3.45)
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Carrier Concentration (cm 3)
Figure 3.9 Fit to the Abram Calculation of the Bandgap Shrinkage, Using the 
Expression,




3.6.6.1 M etal Surfaces
It is assumed that all metal-semiconductor interfaces are ideally ohmic [54]. 
The electrostatic potential at the metal surface is set by the applied bias and the 
electron and hole concentrations at the metal surface retain their equilibrium 
values [25].
5.6.6.2 Passivated Surfaces
At the oxide-semiconductor interface, the appropriate boundary condition is
[107]
(D0x “  Dsi )*n =  ps . (3.46)
The normal component of the displacement field, D, is discontinuous at the 
silicon-oxide interface because of the presence of surface charge density, pa. An 
illustration of the displacement field at this interface is given in Figure 3.10.
For simulation purposes, it is useful to solve Equation 3.46 for the gradient 
of the electrostatic potential in silicon,
W - n  =  ^ ! L ,  (3.47)
where Qss is the effective surface charge density (in units of C—cm-2), which 
includes the effects of both the displacement field in the oxide and the actual 
surface charge density. The above form is especially useful since Qss is an 
experimentally measureable parameter. Typical values of Qss are
1.4 x Id-8 C—cm-2 for 100-oriented silicon and 8.0 * IO-8 C—cm-2 for I l l -  
oriented silicon [108].
Current densities at these boundaries are controlled by recombination at the
interface, such that [54]
Jp-n =  qRs , (3.48)
and
Jn*P =  — > (3.49)
where Ri5 is the rate of surface recombination. For a delta function of surface 
states at a single energy level, the surface recombination rate can be written as 
[25]
pn -  npe
Ks =  — — --- ----- ------- ------——— ,
•g—(P +  Pis) +  -<^-(n +  his)
(3.50)
























Figure 3.10 Discontiimity of the Displacement Field, D, at the Silicon-Oxide 
Interface [25].
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respectively, and pls and nis are determined by the energy of the surface states 
in a manner analogous to the bulk Shockley-Read-Hall states.
3.6 Summary
In revietv, in this chapter the solar cell analysis programs in one and two 
dimensions, SCAPlD and SCAP2D, have been discussed. These programs have 
great usefulness for the study of sublinear responsivity in conventional silicon 
solar cells and in back-contacted silicon solar cells, topics to be examined in 
detail in Chapters IV and V, respectively. The discussion has focused on the 
description of the device physics models incorporated in these programs, which 
include impurity diffusion, generation, recombination, mobility, bandgap 
narrowing, and surface boundary models. Of particular interest in the chapter 
has been a discussion of the choice of appropriate values for the ambipolar Auger 
coefficient and the ambipolar diffusion coefficient, and the likelihood of bandgap 
narrowing effects due to a dense electron-hole plasma, since these issues are of 




SUBLINEAR RESPONSIVITY IN  
CONVENTIONAL GEOMETRY CELLS
4.1 Introduction
Using the cell analysis programs described in the preceding chapter, many of 
the cells presented in Chapter II exhibiting nonlinear responsivity of the short 
circuit current at high solar intensity can be examined in detail. In this chapter, 
focus shall be on simulating the sublinear responsivity reported in conventional 
geometry cells. Sublinear responsivity in advanced design cells, in particular, in 
the IBC cell and the PCC cell, is the subject of Chapter V. Superlinear 
responsivity, which can also occur in conventional geometry cells, has already 
been treated in Section 2.5.
Studies in this chapter indicate that sublinear responsivity occurs in high- 
resistivity base, conventional geometry silicon solar cells due to a mechanism 
known as the loss of base conductivity modulation [31], coupled with a large 
source of recombination in the cell. In Section 4.2 a high-resistivity base, 
conventional geometry silicon solar cell produced by Varian Associates for which 
large sublinearities of the short circuit current response have been reported is 
described. In Section 4.3 the success with which SCAPlD and SCAP2D are able 
to simulate accurately the observed sublinear performance of the Varian cell is 
then shown. Section 4.4 describes the phenomenon of the loss of base 
conductivity modulation, which occurs in h igh -resistiv ity  base, conventional 
geometry silicon solar cells. Section 4.5 emphasizes that the loss of-base 
conductivity modulation leads to short circuit current sublinearities only in the 
presence of large sources of recombination in the cell. The shape of the 
sublinearity, in fact, can serve to identify the source of recombination, whether it 
originates at the surface, in the emitter, or in the base of the cell. In Section 4.6 
it is demonstrated that only a slight modification of the superposition principle is 
necessary to model the intensity dependence of the sublinearity. In Section 4.7, 
finally, a summary is made of these studies of the sublinear responsivity in 
conventional geometry silicon solar cells.
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4.2 The Varian Cell
In order to maximize the spectral response in the long wavelength portion of 
the spectrum, Varian Associates have fabricated a 200 micron, back surface field 
p+nn+ silicon solar cell with a highly resistive base (500 ohm-cm) [30j, The 
structure of the cell is shown in Figure 4.1. The bulk doping is IO13 cm“3, which 
corresponds to a resistivity of 500 ohm-cm for n-type silicon. The diffusion 
profiles have peak concentrations of IO19 cm-3 and have depths of 0.7 /ini and
1.6 pm , respectively, at the front and back of the device. Light is incident from 
the left, and 11 percent of the incident illumination is shadowed by the front 
metallic grid.
Sublinearity of the short circuit current as a function of solar concentration 
has been observed experimentally for the Varian cell [11]. Recorded in Figure 4.2 
are data for the short circuit current responsivity. Recall that the cell 
responsivity is just the short circuit current response as a function of increasing 
solar concentration, normalized by the solar concentration and the short circuit 
current at one sun. From the figure, it is seen that at concentrations of 1000 
suns, the response is diminished by nearly 40%.
4.3 Modeling of the Varian Cell
In order to determine the source of the short circuit current sublinearity, the 
Varihn cell has been modeled with S CAP ID. Shown in Figure 4.2 is the excellent 
agreement of the SCAPlD simulations with experimental data of the sublinear 
responsivity for the Varian cell. Simulations in two dimensions using SCAP2D 
correspond closely with those of SCAPID, indicating that the sublinearity is 
primarily a one-dimensional effect.
In Table 4,1 is summarized the modeling of the impurity diffusion, 
generation, recombination, mobility, bandgap narrowing, and the surface 
conditions for the Varian cell. Complementary error functions have been 
selected for the impurity diffusions. For illumination of the cell, the AMI.0 solar 
spectrum [64] has been chosen. In modeling carrier recombination, both 
Shockley-Read-Hall recombination [66,67] and band-to-band Auger 
recombination [6] have been considered. The Auger coefficients selected have 
been determined by Dziewior and Schmid [34]. For the carrier mobility, the 
Caughey-Thomas Model [89] has been chosen. To account for the reduction of 
the carrier mobility from the Caughey-Thomas values which occurs because of 
electron-hole scattering in the base, the Dorkel and Leturq model [91] is 
employed. The bandgap narrowing in the heavily doped regions of the cell has 
been determined using the empirical relation of Slotboom and DeGraaf [99], An 
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Figure 4.2 Comparison of the SCAPlD Simulation with the Measured 
Sublinearity of the Varian Cell.
(
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cell an effective surface recombination velocity must be specified. The front 
surface recombination velocity is an effective one since, in one-dimensional 
programs such as SCAP1D, not only recombination at the passivated front 
Surface but also recombination at the front metal contact must be accounted for. 
Finally, the surface charge density is not believed to be present in significant 
amounts and therefore is assumed to be zero.
Table 4.1 Models for Silicon Device Phenomena 
in the Varian Cell.
Phenomenon Parameters Models
Impurity Junction depth, Xj Complementary error
diffusion Surface concentration, N0 functions [63]
Generation
r
Absorption coefficient, a Rajkanan et at. [65]
Solar spectrum, 4> AM 1.0 [64]
Recombination Bulk lifetimes, rp and Tn Shockley-Read-Hall [66,67]
. / - :■
Band-to-band Auger 
coefficients, Cp and Cn
Dziewior and Schmid [34]





mobility, / L t e h s
Caughey-Thomas Model [89] 
Dorkel and Leturq [91]
Bandgap
narrowing
EfiFective bandgap shrinkage 
voltage, AEgeff




Surface Surface recombination Effective value at front
conditions velocities, Sp and Sn surface
Surface charge density, Qgs 0.0
The values for the minority carrier lifetimes and the effective front surface 
recombination velocity are actually obtained by matching the Varian data with 
the experimental values at low intensity (10.2 suns). The best fit is obtained for 
a minority carrier lifetime of IlO fjsec and an effective front surface 
recombination velocity of 5 * IO5 cm—sec-1. The goodness of this fit is
demonstrated through comparison with the experimental data in Table 4.2.
Table 4.2 Comparison of Varian Cell Data and SCAPlD 
at Low Solar Intensity (10.2 Suns).
Parameter Varian Data SCAPlD
Jgc 0.360 0.329
(amps-cm-2)




.. ...........  • - . ............
Wfiei the model is tested for increasing solar intensity, good agreement with 
the experimental data is observed (Figure 4.2).
4.4 Loss ofB ase Conductivity Modulation
With SCAP ID, the mechanisms responsible for the sublinearity Of the short 
circuit current can be studied in detail. From the simulations, it is apparent that 
the sublinearity of the short circuit current at increasing solar concentration is 
due to the loss of base conductivity modulation, coupled with a source of high 
recombination at the front surface.
The loss of base conductivity modulation has been previously observed in 
high resistivity base silicon solar cells [31]. Under high level injection conditions, 
the conductivity in the base is normally high due to the presence of a large 
number of excess carriers. However, in cells with high base resistivity, a 
mechanism which extracts minority carriers from the back of the base gains 
importance. As the short circuit current increases with solar intensity, the 
extraction mechanism becomes increasingly important and removes so many 
carriers from the back of the cell that the conductivity in this portion of the base 
is no longer modulated by minority carriers, but is determined by the bulk 
resistivity, which is very high. Consequently, a resistive voltage develops at the 
back of the base which increases with intensity. The loss of conductivity 
modulation with increasing intensity and its contribution to a resistive voltage at 










Figure 4.3 Carrier Concentration in the Base of the Varian Cell at 10 Suns.









Resistive Voltage Drop across the Base of the Varian Cell at 10 
Siitis due to the Loss of Base Conductivity Modulation.
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terminal conditions must be satisfied (terminal voltage equal to zero), the pn 
junction is forced into a forward bias. As a result, minority carriers are injected 
into the emitter where they can recombine, primarily at the front surface which 
has a high effective surface recombination velocity. Since the injected current is 
exponentially dependent on the pn junction voltage (and hence the resistive base 
voltage drop), the sublinearity of the short current current becomes even more 
significant as the level of solar intensity increases. Thus, the intensity 
dependence of the loss of conductivity modulation coupled with the large source 
of recombination at the front surface explains the observed sublinearity of the 
short circuit current of the Varian cell for increasing solar concentration.
4.6 Sources of Recombination
In addition to recombination at the front surface, recombination in the base 
can be an important cause of short circuit current sublinearity. Three cells of 
geometry identical to the Varian cell are simulated, one dominated by 
recombination at the front surface and another dominated by recombination in 
the base. To serve as a reference, a third cell in which all sources of 
recombination have been minimized, is also simulated. AU sources of 
recombination can be minimized in the reference cell, by choosing very large 
values for the minority carrier lifetimes and by setting the front surface 
recombination velocity to zero. The response of the short circuit current for this 
minimal recombination, reference cell to increasing solar intensity, shown in 
Figure 4.5, is linear, exhibiting no degradation at high concentration.
The effect of increasing the recombination at the front surface is studied by 
raising the effective front surface recombination velocity, Sp-, while maintaining 
the recombination in the base at its minimal level. As Sp is slowly raised from 
zero, the short circuit current response remains linear until a critical value 
(around Sp =  IO3 cm—sec-1) is passed. Beyond this value, increasing sublinear 
behavior is predicted. This corresponds to the analysis of the Varian red 
enhanced cell discussed above. In Figure 4.5, the sublinear response obtained 
when Sp =  io7 cm—sec-1 is shown. For this value of Sp, the short circuit 
current is sublinear by nearly 50% at 1000 suns.
Similarly, the effect of increasing the recombination in the base is studied by 
lowering the minority carrier lifetime in the base, rg, while maintaining the 
recombination at the front surface at its minimal level. As t-% is reduced from 
infinity, the short circuit current response remains linear until a critical value 
(around 10 jusec) is reached. Below this critical value, increasingly sublinear 
behavior is observed. In Figure 4.5, the sublinear response obtained when 
Tb — 1.0 //sec is shown. For this value of 7g, the short circuit current is
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Figure 4.5 Normalized Short Circuit Current Respohse for Minimal 
Recombination, Front Surface Dominated Recombination, and 
Base Region Dominated Recombination.
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sublinear by nearly 70% at 1000 suns.
While the characteristic shape of the sublinearity is different for the front 
surface and base dominated recombination cases (Figure 4.5), the resistive 
voltage drop across the base is essentially the same (Figure 4.6). Even when 
recombination has been minimized throughout the device, the resistive voltage 
drop in the base is the same. Therefore, the intensity dependence of the 
sublinearity is essentially entirely due to the voltage dependence of the relevant 
recombination currents.
Before passing from this section, two important observations should be 
made. The first observation is that the absolute responses for the three cells 
under investigation are different, yet these responses have been normalized by the 
appropriate one sun short circuit current value in order to make a comparative 
study of the intensity dependence of the sublinearities. The second observation 
is that, in practical situations, competition in the cell among the various sources 
of recombination, rather than dominance, is just as likely.
4.6 The Superposition Principle
If the voltage dependence of the recombination current is known, then 
application of the superposition principle [29] should predict the intensity 
dependence of the short circuit current sublinearity, that is,
Jsc(C) =  C Jsc( I ) -  JrecCVr(C)), (4.1)
where C is the solar concentration, Jsc(I) is the short circuit current at one sun, 
and Vr(C) is the intensity dependent, resistive voltage drop due to the loss of 
base conductivity modulation. To maintain short circuit conditions, Vr must be 
Compensated for by the pn and hi junctions being forward biased. This 
interpretation of the superposition principle differs from convention because Vr, 
where. ’ |
Vr = V pn-I-V y, (4.2)
is an internal voltage rather than the total terminal voltage (which for short 
circuit conditions is, of course, zero). i
Since the doping of the base is low, high level injection conditions exist even 
at one sun and a significant forward bias appears at the high-low junction. 
Under dark conditions, the division of the voltage between the two junctions is 
determined by current continuity. This division is shown in Figures 4.7 and 4.8 
for base dominated recombination and front surface dominated recombination, 
respectively. However, under illuminated conditions, the voltage splitting 
between the two junctions is dependent on the location of generation within the
82
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Figure 4.6 Resistive Voltage Drop, at Short Circuit Conditions, as a Function 
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Figure 4.7 Splitting of Total Voltage Between the pn and hi Junctions under 
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Figure 4.8 Splitting of Total Voltage between the pn and hi Junctions under 
Dark and Illuminated Conditions for a Cell with Front Surface 
Dominated Recombination.
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cell. Since most of the generation occurs near the pn junction, a relatively larger 
fraction of the forward bias appears there as compared to the high-low junction. 
This is also shown in Figures 4.7 and 4.8,
Therefore, in order to apply superposition, it is necessary to extract the 
component of the recombination current due to injection across each junction 
separately. Thus, superposition now becomes
Jlc(C)> C J „ ( J ) - J recipn(Vr( C ) ) - J r̂ h,(Vr(C ))1 (4.3)
where JreCjPn is the recombination current due to injection across the pn junction 
and J reC)M *s the recombination current due to injection across the high-low 
junction. Since the ratio of the forward bias of the pn junction, Vpn, to the 
forward bias of the high-low junction, V y, is larger under illumination than in 
the dark, JreCjPn will dominate JreC)y in Equation 4.3, yielding
Jtc( C ) - C  Jlc( I ) - J recipnIVr(C)). (4.4),
In Figures 4.9 and 4.10, the dark current due to injection across the pn junction 
(solid line) is superimposed on the recombination current due to the forward bias 
of the pn junction under illumination (symbols). As predicted by superposition, 
the plots are colinear.
4.7 Summary
In summary, with the computer simulation code, SCAPlD (Solar Cell 
Analysis Program in One Dimension), a study of the short circuit current as a 
function of solar concentration in conventional geometry, high resistivity base 
P +NN+ silicon solar cells, has been made. With the code, it has been found that 
the sublinear responsivity of the short circuit current in these cells is due to a 
loss of base conductivity modulation coupled with a source of high recombination 
in the cell. For example, excellent agreement with data from the Varian cell, for 
which a large sublinearity responsivity has been experimentally observed, has 
been possible with the code. Two different cases of sublinearity, one in which 
front surface recombination was dominant and the other in which base 
recombination was dominant, were also examined. For either case, the 
applicability of the superposition principle in modeling the sublinear behavior is 
clear.
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In this chapter, sublinear responsivities in silicon solar cells featuring 
contacts on the backside of the cell are examined. These cells, whether of the 
line (IBC) or point (PCC) contact design, have both shown significant promise 
for high efficiency performance at high solar intensity. In fact, as recombination 
in these cells is reduced through improved technology, the performance limits 
ultimately obtainable in these cells will be imposed by fundamental mechanisms.
In Section 5.2, three fundamental mechanisms which limit cell performance 
in highly excited silicon are identified. These are Auger recombination, bandgap 
narrowing, and the carrier mobility. Review of the literature has shown that 
many values for the Auger coefficients, the bandgap narrowing voltage, and the 
minority carrier mobilities exist in addition to those conventionally used in 
device modeling codes.
In Section 5.3, experimental data for the short circuit current responsivity 
and the open circuit voltage measured in an IBC cell [10] and two PCC cells
[9.35] are compared with results from the two-dimensional cell simulation 
program, SCAP2D [25]. It is found that a self-consistent description of the cell 
performance is possible with the inclusion of the free carrier bandgap narrowing 
model by Abram [32], the reduction of the minority hole mobility in the base to 
approximately one-half (200 cm2 V-1 sec-1) the majority carrier value determined 
by Irwin [33], and the use of the ambipolar Auger coefficient of Dziewior and 
Schmid [34], 3.8 x IO-31 cm6-sec-1.
Until this study, free carrier bandgap narrowing has generally been 
neglected in device analysis, even though the carrier concentrations in the base of 
IBC and PCC cells are known to exceed 1017 cm-3 at the highest solar intensities
[9.10.35] . Also, in device analysis it is often assumed that the minority hole and 
electron mobilities are equivalent to the values determined when the electron and 
holes are the majority carriers. Evidence, however, suggests that this assumption 
may not always be true [36-40]. Finally, the conventionally accepted value for
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the Auger coefficient, determined by Dziewior and Schmid, has been challenged 
recently by several experimenters [35,41-46], in particular, Sinton and Swanson 
[35], who claim this coefficient to be several times the conventionally accepted 
value.
In Section 5.4, some technological difficulties which cause cells to fall short 
of attaining the fundamental limit are discussed. These include the presence of 
an excess surface charge, the presence of a large series resistance, and the 
presence of a large source of emitter recombination.
A summary of this chapter is made in Section 5.5.
5.2 Fundamental Mechanisms Limiting Cell Performance
Green has shown that when sources of bulk, surface, and emitter 
recombination have been minimized through improved processing and novel 
design, the open circuit voltage approaches the absolute limit [109],
2 kT
3 q <lnioCAWB
which depends only on the Auger coefficient, C^, the intrinsic carrier 
concentration, nj0, the base width, Wb , and the photogenerated current density, 
Jpil. The value of JpI1 is determined from measurement of the solar 
concentration and the short circuit current density at low solar concentration.
From Equation 5.1, it is clear that knowledge of the Auger coefficient is 
critical in determining an absolute limit for the open circuit voltage. Since very 
high carrier densities have been reported in these cells, the effect of bandgap 
narrowing effects due to electron-hole interaction, as theorized by Abram et al. 
[32] cannot be ignored. The presence of free-carrier bandgap narrowing alters 
Equation 5.1 by replacement of the intrinsic carrier concentration, nj0, with the 
effective carrier concentration, n;e, as discussed in Chapter III. Also, under short 
circuit conditions, accurate knowledge of the carrier diffusivity can have great 
importance in cell analysis. The short circuit current, because of diffusion 
dominance, is directly proportional to the ambipolar diffusion coefficient and the 
carrier gradient,
■ V -q D A -f]--  (5.2)
Assuming the short circuit current is a constant, the ambipolar diffusion 
coefficient and the carrier gradient are then inversely proportional. Thus, 
ambipolar diffusion coefficients smaller than those conventionally assumed lead to 
higher carrier gradients and, consequently, greater bandgap narrowing and
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greater sensitivity to Auger recombination.
Thus, three fundamental parameters: the Auger coefficient, the free carrier 
bandgap narrowing, and the carrier mobility, are important for the modeling of 
back-contacted solar cells at high solar intensities. These parameters are now 
discussed in greater detail.
5.2.1 The Auger Coefficient
As reported in Table 3.5, many measures of the Auger coefficient in silicon 
have been made. As noted in Chapter HI, the value of the Auger coefficient 
conventionally used in simulations programs is that of DziewiQr and Sehmid [34], 
who have determined the electron-electron-hole Auger coefficient, Cn, and the 
electron-hole-hole Auger coefficient, Cp, to be 2.8 x IO-31 cm6—sec-1 and 0.99 x 
IQ"'31 cm6—sec-1 , respectively, yielding an ambipolar value of 3.8 x IO-31 
cm6—sec-1 . Offering confirmation for the Dziewior and Schmid coefficients are 
measurements in highly injected silicon by Svantesson and Nilsson [74]. 
Recently, though, through analysis of the steady-state and transient open circuit 
voltage data in point contact test cells and with support from the findings of 
Yaitkus and Grivitskas [42], Sinton and Swanson have offered strong evidence 
that the value of the ambipolar Auger coefficient is 1.66 x IO-30 cm6—sec-1 [9] in 
highly injected silicon, nearly four times the Dziewior and Schmid value.
In this thesis, it is shown that a self-consistent interpretation of the short 
circuit current and open circuit voltage data in IBC and PCC cells is possible 
only through use of the Auger coefficient value determined by Dziewior and 
Schmid. Furthermore, this coefficient has the same value, whether in heavily 
doped or in highly injected silicon. It is suggested that the omission of the free- 
carrier bandgap narrowing effect, described in the following section, is perhaps 
responsible for reports of the Auger coefficients much larger than the Dziewior 
and Schmid value.
5.2.2 The Free-Carrier Bandgap Narrowing
In the base of back-contacted solar cells, carrier concentrations can easily 
exceed IO17 cm-3 , particularly during open circuit voltage operation at very high 
solar intensity [9,10,35]. A theory by Abram et al. [32], discussed in Chapter HI, 
has shown that the interactions of a large density of holes and electrons can lead 
to narrowing of the semiconductor bandgap. A fit to this theory was made in 
Chapter HI over the range of carrier concentrations typically encountered in 
point contact cells using the expression,
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0.321 (5.3)
in millivolts, "where Uj0 has the value 1.45 x IO10 cm 3 at 27 0C.
Recall from Chapter HI that bandgap narrowing effects enter solar cell 
device models through replacement of the intrinsic carrier concentration, njo, by 
the effective intrinsic carrier concentration, Hjeff, where
AE0 '
»eff H j0 e x p 2kT
(5.4)
Clearly, because of the exponential dependence of the effective intrinsic carrier 
concentration on the bandgap narrowing voltage, even a small amount of 
bandgap narrowing may significantly increase the intrinsic carrier concentration 
and therefore contribute to increased cell recombination. A plot of the effective 
intrinsic carrier concentration as a function of the carrier density for the 
bandgap narrowing model of Abram is shown in Figure 5.1.
Also, when Equation 5.4 is substituted into Equation 5.1, a new limit for the 
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where B equals 0.321 millivolts. (This result follows from the derivations of 
Green [109] and Equation 5.4.) With JpJ1 set to its upper bound at one (AM1.5) 
sun, 44 mA—cm-2 [109], and Ca assigned the Dziewior and Schmid value [32], 
the open circuit voltage given by Equation 5.5 is plotted in Figure 5.2 as a 
function of the incident solar intensity for a cell with a base width of 50 fJ.m. 
The degrading effect of the bandgap narrowing can be clearly seen upon 
comparison With the open circuit voltage limit of Green '(Equation 5.1), also 
shown in Figure 5.2. Shown as well in the figure are the consequences of using 
the Auger coefficient value recently determined by Sinton and Swanson, 
1.66 x IO-31 cm6—sec-1 , but neglecting the effect of the free-carrier bandgap 
narrowing.
An important point to be gained from the above study is that a steady-state 
measure of the open circuit voltage in an Auger sensitive structure only provides 
a value for the combination of model parameters, Hjeff3CA. The occurrence of 
bandgap narrowing can greatly alter the interpretation of the Auger coefficient 
from these measurements. Also, the value selected for the intrinsic carrier 
concentration, Hj0, is critical, especially when the extreme sensivity of Hj0 to
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Figure 5.1 The Effective Intrinsic Carrier Concentration as a Function of the 
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Figure 5.2 Upper Bounds for the Open Circuit Voltage for Various Physical 
Considerations in Silicon Solar Cells.
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temperature is considered.
In summary, the occurrence of free-carrier bandgap narrowing can cause 
non-negligible degradation of solar cell performance at high solar intensity and 
can significantly alter determinations of the Auger coefficient from measurements 
of the open circuit voltage.
5.2.3 The Carrier M obility
Tu back-contacted cells, for which the condition of high level injection is 
known to prevail, the flow of electrons and holes through the base is ambipolar 
[96]. In high resistivity regions such as the back-contacted cell base, the 
ambipolar diffusion coefficient, determined from the widely-used Caughey and 
Thomas Mobility Model [89], is 18.6 cm2—sec-1. The electron and hole 
mobilities given by the Caughey and Thomas Model are, respectively, 1330 
cm2 —V- 1 —sec-1 and 495 cm2—V- 1—sec-1 . These mobilities are based on 
m ajority  carrier data since, as discussed in Chapter III, data for the minority 
carrier mobilities in silicon are scarce. The minority carrier mobilities are 
therefore normally assumed in device models to be identical to the well- 
characterized majority carrier mobilities. Through modeling with SCAP2D, it 
has been found that the minority hole mobility in the high resistivity n-type base 
of the back-contacted cells is 200 cm2—V-1—sec-1, about half the conventionally 
used majority carrier value [HO]. With this value for the hole mobility, the 
ambipolar diffusion coefficient is 9.0 cm2-sec-1 . This result for the ambipolar 
diffusion coefficient is quite different from that determined by Grekhov and 
Delimova [97] on one-dimensional structures and used in the analysis of point 
contact cells b y  Sinton and Swanson (18 cm2—see-1).
Another issue to consider in modeling carrier diffusion in the back-contacted 
structures is the probability of scattering among the large densities of electrons 
and holes flowing through the device. From a model by Dorkel and Leturq [91], 
introduced in Chapter HI, it is predicted that electron-hole scattering in highly 
injected devices can lead to significant reduction of the carrier mobility. 
However, it is believed that ambipolar flow, such as that occurring in the IBC 
and PCC cells, is unaffected by carrier collisions [94,96] and, therefore, an 
electron-hole scattering model was not included in simulations of the back- 
contacted silicon solar cells.
5.3 Cell Modeling
In an effort to understand the physical mechanisms occurring in back- 
contacted silicon solar cells, an interdigitated back contact cell (160 pin) and two 
point contact cells (86 pm and 240 pm), reported by Sinton et al. [9,10,35], have
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been modeled with SCAP2D. It is found that the inclusion of the free carrier 
bandgap narrowing model of Abram [32], the use of the Dziewior and Schmid 
Auger coefficient [34], and the reduction of the minority hole mobility to 
approximately half the value normally reported for majority carriers [110] 
provides a self-consistent fit over the entire, measured short circuit current and 
open circuit voltage dependence of these cells on increasing illumination 
intensity.
It is also demonstrated that the two-dimensional cell analysis program, 
SCAP2D, while ideally suited for the modeling of the interdigitated back contact 
cell, is a highly effective tool for modeling the point contact cell, at least in the 
open circuit voltage condition.
5.3.1 Cell Dimensions
A cross-sectional view of the EBC cell modeled with S CAP 2D is shown in 
Figure 5.3. The cell features a high resistivity n-type base and emitter diffusions, 
9 /zm wide and evenly spaced 50 /Zni apart on the backside of the cell. Both the 
front and the back surfaces are well-passivated by 1120 angstroms of thermal 
oxide. Contact to the emitters is made with a thick, 2 /zm metallization. Light, 
in the form of an AMI.5 solar spectrum, is incident at the bottom of the cell. 
From private communication [ill], it has been learned that measurements of the 
width for a set of ten of these IBC cells fall in the range of 160 /mi to 185 /zm, 
reflecting the variation in the thinning of these wafers by etching. For the 
purpose of simulation, therefore, the average value, 172.5 jum, has been chosen 
for the IBC cell width. A complete discussion of the fabrication of the EBC cell is 
found in [10]
The point contact cells share many of the same features as the interdigitated 
back contact cell, with the exception of the cell emitters. For the 86 /zm cell, the 
emitters are 4 /zm square and are evenly patterned on a 100 /zm square grid. For 
the 240 /zm cell, the emitters are 10 /zm square and are evenly patterned on a 45 
/zm grid. Successful modeling of point contact cells with S CAP 2D can be 
obtained through transformation of the three-dimensional point contact unit cell 
into an equivalent one in two dimensions (Figure 5.4). To make this 
transformation, the emitter plane of the point contact unit cell determined by 
Sinton and Swanson [10,27] is first divided into quarters. The point emitters are 
then redistributed into line emitters as shown in the figure. Quartering results in 
a 50 /zm square emitter geometry in the case of the 86 p,m cell, and a 22.5 /zm 
square emitter geometry in the case of the 240 /zm cell. Arbitrarily, the width of 
the line emitters in the 86 /zm and 240 /zm cells has been chosen to be 9.0 /zm 















Figure 5.4 Transformation of the Three-Dimensional Point Contact Unit Cell 






than preserving the actual emitter area is the adjustment of the emitter 
recombination such that a good fit to the experimental short circuit Current and 
open Circuit voltage data of the cells can be made.
6*3.2 Selection of the Model Pararneters
Summaries of the parameters used in modeling the IBC cell and the 86 /um 
and 240 /zm PCC cells appear in Tables 5.1, 5.2, and 5.3, respectively.
In the tables, the values for the cell temperature, the bulk resistivity, the 
SRH lifetime, the surface recombination velocity, and the internal back surface 
reflectance have been taken from Sinton [10,35]. The intrinsic carrier 
concentration has been set to 1.45 * IO10 cm-3 at 27 °C and the temperature 
dependence of the Barber Model [59] has been used. The Auger coefficient has 
been set to the Dziewior and Schmid [34] value and the free carrier bandgap 
narrowing model of Abram [32] has been adopted. The remaining parameters 
(the emitter saturation current, the diffusion coefficient, and the external front 
surface reflectance) have been determined through fitting to the open circuit 
voltage and short circuit current data. In the case of the BBC cell, the surface 
recombination velocity has also been determined through fitting.
Modeling of the emitters is a difficult task. Even in the case of the BBC cell, 
complications arise in treating the lateral diffusion. Therefore, to approximate 
the emitters, the actual emitter geometries have been maintained (or 
transformed) as carefully as possible, while the recombination in the emitters has 
been adjusted so that a self-consistent fit to the experimental measures of the 
open circuit voltage and short Circuit current can be made. The effective emitter 
saturation current, Jeo, representing the total amount of emitter recombination, 
is calculated in the SCAP2D simulation and reported in the parameter tables.
Because the cell base is believed, in all circumstances, to be under high level 
injection conditions, ambipolar values for the SRH lifetime, r, the surface 
recombination velocity, S, the Auger coefficient, Ca , and the diffusion coefficient, 
Da , have been reported in the tables. In SCAP2D, ambipolar values arc not 
actually defined, but instead rn, rp, Sn, Sp, Cn, Cp, /Un, and /Up must be 
individually set. Values for r, S, Ca , and Da are then determined using the 
ambipolar relations,
T =  Tp + T n , (5.6)
S
SpSn
Sp + S n ’ (5.7)
I
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Table 5.1 Model Parameters for the IBC Cell.
Dimensional Parameters Value
V erticalW idth 172.5 fim
L ateralW idth 50.0 fim
Diffusion W idth 9.0 fim
Contact W idth 5.0 fim
JunctionD epth 4.0 fim
Surface Concentration 5.0 x IO19 cm-3
Physical Parameters Symbol Value
Temperature T 27 0C
R esistivity P 100 ohm-cm
Intrinsic Carrier 
Concentration
nio 1.45 x IO10 cm-3 
(Barber [59])
SRH lifetime T 3 msec
Surface Recombination Velocity S 12.5 cm —sec” 1
AugerCoefficient Ca 3.8 x 10”31 cm6—sec”1 
(Dziewior and 
Schmid [34])
Effective Emitter Saturation 
Current
Jeo 5.8 x 10” 14 A-cm”2
Diffusion Coefficient Da 9.8 cm2—sec”1 
(Caughey and Thomas 
Model [89] with 
P v  =  220 cm2—V ”1 sec”1
Free Carrier Bandgap Narrowing 
in the Highly Injected Base
AEg Abram Model [32]
Solar Spectrum A M I.5 Hulstrom et a i  [64] 
(100 mW -cm”2 
at I sun)
External Front Surface 
Reflectance
FV1SXt 0.126




Table 5.2 Model Parameters for the 86 fim PGC Cell.
Dimensional Parameters Value
V erticalW idth 86.0 ftm
Lateral Width 50.0 fim
Difihision Width 9.0 fim
Contact Width 4.0 fim
Junetipn Depth 4.0 pm
Surface Concentration 5.0 x IO19 cm-3
Physical Parameters Symbol Value
Temperature T 27 °C
Resistivity P 100 ohm-cm
Intrinsic Carrier 
Concentration
nio 1.45 x io10 Cm"3 
(Barber [59])
SRH lifftim e T 3 msec
Surface Recombination Velocity S 7.5 cm—sec-1
Auger Coefficient Ca 3.8 x IO-31 cm6—sec-1 
(Dziewior and 
Schmid [34])
EfiFective Emitter Saturation 
Current
J eo 2.25 x 10-15 A-cm-2
DifiFusion Coefficient % 9.0 cm2—sec-1 
(Caughey and Thomas 
Model [89] with  
ftp =  200 cm2—V -1 sec-1
Free Carrier Bandgap Narrowing 
in the Highly Injected Base
AEg Abram Model [32]
Solar Spectrum AM1.5 Hulstrom e t  al. [64] 
(100 mW-cm-2 
at I sun)
External Front Surface 
Reflectance
T F .e x t 0.126




Table 5.3 Model Parameters for the 240 /an PCC Cell.
Dimensional Parameters Value
V erticalW idth 240.0 fim
Lateral W idth 22.5 /an
Diffusion W idth 1.0 fim
Contact W idth 0.22 /an
Junction Depth 4.0 /an
Surface Concentration 5.0 x IO19 cm-3
Physical Parameters Symbol Value
Temperature T 24 0C
Resistivity P 100 ohm-cm
Intrinsic Carrier 
Concentration
n io 1 .1 1  x io 10 cm"3 
(Barber [59])
SRH lifetim e T 2 msec
Surface Recombination Velocity S 15.0 cm—sec-1
Auger Coefficient Ca 3.8 x IO-31 cm6—sec-1 
(Dziewior and 
Schmid [34])
Effective Em itter Saturation  
Current
J eo 3.8 x 10"1* A-cm-2
Diffusion Coefficient Da 9.0 cm2—sec-1 
(Caughey and Thomas 
Model [89] with  
/Xp =  200 Cm2- V - 1Sec"1
Free Carrier Bandgap Narrowing 
in the Highly Injected Base
AEg Abram Model [32]
Solar Spectrum AM1.5 Hulstrom et al. [64] 
(100 mW -cm-2  
at I sun)
External Front Surface 
Reflectance
I V ,  ext 0.126
Internal Back Surface 
Reflectance
^ B 1 in t 0.6
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Measurements of the illuminated steady-state Short circuit current and open 
circuit voltage by Sinton [9,10,35] are reported as a function of the solar intensity 
in Figures 5.5 and 5.6 for the IBC cell, in Figures 5.7 and 5.8 for the 86 (xm PCC 
cell, and in Figures 5.9 and 5.10 for the 240 fxm IBC cell. The short circuit 
current measurements are reported in terms of the responsivity, obtained by 
normalizing the short circuit current by the incident illumination intensity. 
With the model parameters from Tables 5.1, 5.2, and 5.3, these measurements 
are simulated with SCAP2D. The excellent fit to the data using the self- 
consistent set of modeling parameters (the Auger coefficients of Dziewior and 
Schmid, the free carrier bandgap narrowing model of Abram, and the mobility 
reduction in the base) can be viewed by referring to Curve I in the figures.
The remaining curves in the figures present the discrepancies which result 
when a self-consistent set of parameters is not used. For example, Curve II 
shows the consequence of using strictly conventional parameter values when 
modeling the cells. The conventional parameter values of Curve II differ from 
those of Curve II by admitting neither the free carrier bandgap narrowing effect 
in the base nor the mobility reduction in the base. It is apparent that with the 
strictly conventional set of model parameters the open circuit voltage is greatly 
overestimated, while the responsivity is not nearly sublinear enough to match the 
experimental data.
Another curve, Curve III, illustrates the fit to the experimental data 
obtained when the model parameters of Curve II are altered to include the 
Sinton and Swanson value for the ambipolar Auger coefficient, 1.66 x IO-30 
cm6—sec-1. While the open circuit voltage response is well matched, especially 
at high intensity, by the use of this Auger coefficient value, it is observed in 
Figure 5.9 that the responsivity falls short of matching the experimental data. In 
order to match the responsivity data, the Auger coefficient must actually be 
increased to about 3.0 x 10 36 cm6 —sec 1 (Curve IV in Figure 5.9). However, 
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Figure 5.5 The Response of the Short Circuit Current of the IBC Cell to 
Increasing Solar Intensity.
I. Self-Consistent Model:
Ca  =  3.8 x  IO-31 cm6—sec-1 (Dziewior and Schmid [34]) 
Bandgap Narrowing Model (Abram [32])








i i I M i n i , ,  I I I 1 1  m ii l l  i m i
Incident Intensity (Suns)
Figure 5.6 The Response of the Open Circuit Voltage of the IBC Cell to 
Increasing Solar Intensity.
I. Self-Consistent Model:
Ca =  3.8 x IO-31 cm6—sec-1 (Dziewior and Schmid [34]) 
Bandgap Narrowing Model (Abram [32])
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Figure 5.7 The Response of the Short Circuit Current of the 86 fim PCC Cell 
to Increasing Solar Intensity.
I. Self-Consistent Model:
Cx = 3.8 x IO-31 cm6—sec-1 (Dziewior and Schmid [34]) 
Bandgap Narrowing Model (Abram [32])
/Xp =  200 cm2—V-1—sec-1 (Reduced)
II. Baseline Model:
Ca =  3.8 x IO-31 cm6—sec-1
ID. Sinton and Swanson Model:
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Figure 5.8 Tke Response of tke Open Circuit Voltage of the 86 (xm PCC Cell 
to Increasing Solar Intensity. I.
I. Self-Consistent Model:
Ca =  3.8 x IO-31 cm6—sec-1 (Dziewior and Schmid [34]) 
Bandgnp Narrowing Model (Abram [32])
Hv =  200 cm2—V-1—sec_1 (Reduced)
II. Baseline Model:
Ca =  3.8 x 10-31 cm6—sec-1
III. Sinton and Swanson Model:
Ca =  16.6 x IO-31 cm6—sec-1
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Figure 5.9 The Response of the Short Circuit Current of the 240 pm. PCC Cell 
to Increasing Solar Intensity.
I. Self-Consistent Model:
Ca =  3.8 x IO-31 cm6—sec-1 (Dziewior and Schmid [34]) 
Bandgap Narrowing Model (Abram [32])
/Zp =  200 cm2—V-1 -̂Sec- 1 (Reduced)
II. Baseline Model:
Ca =  3.8 x IO"31 cm6-sec-1 I
III. Sinton and Swanson Model:
Ca =  16.6 x IQ-31 cm6—sec-1
■ •
IV. IncreasedAugerCoeflBcientModel:
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Figure 5.10 The Response of the Open Circuit Voltage of the 240 fxm PCC Cell 
to Increasing Solar Intensity.
I. Self-Consistent Model:
Ca. =  3.8 x IO-31 cm6—sec-1 (Dziewior and Schmid [34]) 
Bandgap Narrowing Model (Abram [32])
//p =  200 cm2—V-1—sec-1 (Reduced)
n . Baseline Model:
C^ ~  3.8 x 10~31 cm6—sec-1
BI. Sinton and Swanson Model:
Ca =  16.6 x IO-31 cm6-sec-1
IV. Increased Auger CoeflBcient Model:
Ca =  30.0 x IO-31 cm6—sec-1
109
5.3.4 Discussion
In this section, we shall discuss in detail the procedure used to fit the 
SCAP2D simulation to the experimental data. In making the fits, a great deal of 
insight has been gained from the inspection of graphical information available in 
SCAP2D. For example, the distribution of total cell recombination into SRH, 
surface, Auger, and emitter components at open circuit conditions and the 
carrier concentration through the cell at short circuit conditions, when plotted, 
are found to be extremely useful for parameter fitting.
5.3.4.1 The Distribution of Total Cell Recombination at Open Circuit 
Voltage Conditions
In Figures 5.11 through 5.13, the distribution of the total cell recombination 
at open circuit voltage conditions in the IBC and PCC cells is shown for the 
model parameters of Tables 5.1 through 5.3. From the figures, it is seen that at 
the highest solar intensities only two recombination mechanisms are important, 
emitter recombination and Auger recombination in the highly injected base. 
Because the Auger coefficient has been maintained at the conventionally accepted 
values determined by Dziewior and Schmid, adjustment only of the emitter 
recombination is necessary to provide agreement of simulation with the open 
circuit voltage data.
In the case of the 86 /zm PCC cell, for which the fractional coverage of the 
back surface by the emitter diffusions is quite small (0.0025) [35], the cell 
recombination at high solar intensity is dominated by the Auger recombination 
in the highly injected base. Thus, direct determination of the Auger coefficient is 
possible in the 86 /zm PCC cell from measurement of the open circuit voltage. 
With account made for the free carrier bandgap narrowing of Abram [32], an 
excellent match with the experimental open circuit voltage has been found with 
Ca equal to 3.8 * IQ-31 cm6—sec-1, the conventionally accepted Auger coefficient 
value determined by Dziewior and Schmid [34].
However, for the IBC cell and the 240 /zm PCC cell, in which the emitter 
recombination competes with the Auger recombination at high solar intensity, 
fitting of the emitter recombination is necessary to match the experimentally 
observed open circuit voltage data. With the Abram bandgap narrowing model 
and the Auger coefficient of Dziewior and Schmid, the best fit to the data occurs 
for an emitter saturation current density, Jeo, equal to 5.8 x IO-14 Amps—cm?2 
in the IBC cell, 2.25 x IO-15 Amps—cm-2 in the 86 /zm PCC cell, and 3.8 x IO-14 
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Pigtire 5.11 Distribution of the Total Recombination into SRH, Surface, Auger,
and Emitter Components in the BBC Cell, for the Model
Parameters of Table 5.1, at Open Circuit Voltage Conditions.
I l l
Figure 5.12 Distribution of the Total Recombination into SRH, Surface, Auger,
and Emitter Components in the 86 t̂m PCC Cell, for the Model
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Figure 5.13 Distribution of the Total Recombination into SRH, Surface, Auger,
and Emitter Components in the 240 fJm PCC Cell, for the Model
Parameters of Table 5.3, at Open Circuit Voltage Conditions.
(
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Meanwhile, at low solar intensity, Figures 5.11 thru 5.13 reveal an enhanced 
sensitivity to surface recombination. Excellent fitting to the experimental open 
circuit voltage data results for a surface recombination velocity, S, equal to 12.5, 
7.5, and 15.0 cm—sec-1 for the IBC, 86 /xm PCC cell, and the 240 /tm PCC cell, 
respectively. The values of S selected for the 86 and 240 /xm PCC cells are just 
those reported by Sinton and Swanson [9,35]. The value of S for the IBC cell has 
been determined from the self-consistent fitting of open circuit voltage and short 
circuit current data undertaken in this thesis. Observe that this value of S, 12.5 
cm—sec-1 , is well within range of the values determined Sinton and Swanson.
In concluding this section, an interesting observation can be made. That is, 
in general, the values for Jeo determined in this thesis from fitting of the open 
circuit voltage and short circuit current data are somewhat smaller than those 
calculated by Sinton and Swanson from the expression,
Jeo =  *̂ op-̂ -p i (5.10)
where Jon and Jop are the n-type and p-type emitter saturation current densities 
and An and Ap are the fractional coverage of the back surface of the cell by the 
n-type and p-type diffusions. The n-type and p-type emitter saturation current 
densities, Jon and Jop, have both been measured to be 4.5 * IO-13 Amps—cm-2 
through observation of the photoconductive decay in one-dimensional structures 
[112]. The fractional coverages, An and Ap, have been estimated by Sinton to be 
0.0025 and 0.1 for the 86 /xm and 240 /xm cell [10]. (Recall that the extremely 
small fractional coverage of the 86 /xm cell has been designed by Sinton and 
Swanson to reduce emitter recombination and hence enhance the sensitivity to 
Auger recombination [35].) For the IBC cell, calculation of the fractional 
coverage of the emitters again renders 0.1. Using Equation 5.10 then, the total 
effective emitter saturation current in the IBC, 86 /xm PCC cell, and the 240 /xm 
PCC cell is, respectively, 9.0 x IO-14 Amps—cm-2, 2.25 x 10-15 Amps—cm-2, 
and 9.0 * IO-14 Amps—cm-2.
S.8.4.2 The Carrier Concentration at Short Circuit Current Conditions
As indicated by Curve I in Figures 5.5 and 5.9, a fit to the sublinear 
responsivity data of the IBC cell and the 240 /xm PCC cell over solar intensity 
can be achieved through reduction of the mobility in the base of the point 
contact cell. (The responsivity of the 86 /xm PCC cell, shown in Figure 5.7, is 
linear and is not sensitive to the mobility reduction.) In order to gain insight 
into the effect of the mobility reduction on the short circuit current responsivity, 
it is useful to study a plot of the carrier concentration as a function of position in 
the cell.
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For the purpose of illustration, the carrier concentration in the base of the 
240 PCC cell as a function of position is presented in Figure 5.14. The short 
circuit current, because of diffusion dominance, is proportional to the dififusivity
and the gradient of the excess carrier concentration,
% j SC=QpA-^-- (5.11)
Thus, as shown in the figure, a  reduction of the mobility serves to increase the 
Carrier gradient, significantly raising the carrier concentration at the front 
Surface of the cell and, therefore, leading to enhanced sensitivity to Auger 
recombination. Equation 5.11 also suggests that as the cell width increases 
greater sublinear responsivity should occur since the carrier concentrations at the 
front surface of cell will be larger and consequently more sensitive to Auger 
recombination. This width dependence of the sublinear responsivity in back- 
contacted cells has been observed experimentally, as evident from Figure 2.11.
The reduction of the mobility required to match the observed sublinear 
responsivity, it is believed, is a consequence of the minority hole mobility being 
much lower than previously assumed. Because of a scarcity of data, the minority 
carrier mobilities are typically assumed to be consistent with values determined 
for the electron and holes when they are the majority carriers. The results of the 
simulations in this thesis indicate that the minority hole mobility is less than half 
(about 200 cm2—V sec 1J its value as a majority carrier in lightly doped 
silicon. For the IBC cell, a self-consistent fit to the experimental data is possible 
with np equal to 220 C m 2- V 1-Sec-1, while for the PCC cells /Zp is found to be 
200 C m 2- V 1-Sec-1.
Other mechanisms which might cause some mobility reduction are electron- 
hole scattering and the many body effects. However, it is believed that electron- 
hole scattering in the case of ambipolar flow in the base of the back-contact cells 
is negligible, except perhaps directly between the collecting junctions [112]. Also, 
the many body effect which Young and Driel [98] predict can reduce the 
ambipolar diffusion coefficient at high electron-hole densities is rather slight, and 
thus not presently considered in modeling programs.
5*3.4.3 Summary of Discussion
In summary, a fit to the short circuit current and open circuit voltage data 
for an IBC cell and two PCC cells has been made self-consistently for a set of 
model parameters which includes the free carrier bandgap narrowing model of 
Abram, the ambipolar Auger coefficient determined by Dziewior and Schmid, 3.8 
x IO-31 cm6—sec-1 , and a reduced value for the minority hole mobility (about 
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Figure 5.14 Carrier Concentration as a Function of Position in the Base of the 
240 pm  PCC Cell for Two Different Values of the Minority Carrier 
Mobility.
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Before concluding this chapter, some technological problems are discussed 
which, if present, would prevent the cell from reaching the limitations on 
performance imposed by fundamental mechanisms.
5.4 Technological Shortcomings Limiting Cell Performance
Improper processing and design can often prevent a cell from attaining the 
fundamental limit predicted by Green. In this section, one technological 
difficulty, the presence of an excess amount of surface charge, which can conceal 
a poorly passivated oxide surface at low solar intensity through bandbending, is 
examined in detail. As the bands at the surface flatten at the higher solar 
intensities, the poorly passivated oxide surface becomes uncovered, leading to 
significant sublinearity of the short circuit current. Also discussed in this section 
are the detrimental effects of a large source of emitter recombination and the 
presence of a large external series resistance.
5.4.1 The Presence of Excess Surface Charge
In many cases, the presence of excess surface charge can greatly improve 
device performance. Large amounts of fixed positive charge, in fact, are often 
intentionally deposited during fabrication at the Si—SiOj interface of n-type cells 
[41]. This fixed charge tends to accumulate the surface, bending both the 
conduction and valence bands downward and thereby increasing the surface 
potential, <f)ai as shown in Figure 5.15. The rate of surface recombination can be 
written in terms of the surface potential through the relation [113],
Ap(n0 +  Po 4- Ap)
q ŝ - # 8
(n0 +  An)ekeT +  nls (p0 +  Ap)e kBT +  pls 
Sp +  Sn
(5.12)
where Ap, n0, and pD are evaluated in the bulk. Thus, as the surface potential is 
increased, the rate of surface recombination is decreased.
The effect of the surface potential on the performance of IBC solar cells has 
been studied by Schwartz, Bouknight, and Worley [114]. Their findings show 
that at low intensity, the energy bands are sharply bent by the fixed surface 
charge and <f>a remains at its large, equilibrium value. However, as the level of 
intensity increases, the cell becomes highly injected and the fixed surface charge 
is screened by the large number of excess carriers present. The surface potential 
is thus reduced and the surface recombination rate increases, reaching a 






Figure 5.15 Energy Band Diagrams at the Surface of an IBC Solar Cell [25].
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current, which is highly sensitive to the rate of surface recombination in EBC 
cells, can therefore experience large sublinearities at high solar intensity.
An example of the excellent agreement between experimental data and 
SCAP2D simulation for the sublinear responsivity of an IBC cell due to the loss 
of surface charge induced passivation is provided by Gray in Figure 5.16 [25]. 
The experimental data is from an JSC cell solar fabricated at Sandia 
Laboratories. A positive fixed surface charge density of Qss =  2*10I2q cm-2 and 
a Hatband surface recombination velocity of 2000 cm—sec-1 have been assumed 
for the simulation and are reported with the other simulation parameters in 
. Table 5.4. ■
5.4.2 The FFesence of a Large Series Resistance
Under high Solar intensity, very large currents flow through the cell. It is 
therefore quite important to minimize series resistance in the cell in order that 
the cell performance not be degraded. From Hovel [3], it is found that a large 
series resistance, while not impairing the open circuit voltage, can cause a serious 
reduction of the Cell fill factor. There can also be a reduction of the short circuit 
current due to the voltage drop across this resistance. In a manner very similar 
to the case study in Chapter IV, the resistive voltage can cause forward biasing 
of the junctions and thus dark Current injection, under short circuit terminal 
conditions.
The series resistance can arise from the contact metallization, from the 
diffused regions of the cell, or even from the bulk region of the cell, as occurred, 
for example, in the conventional geometry cell undergoing a loss of base 
conductivity modulation in Chapter IV. In general, the conductivity in the base 
of the back-contacted cell is well modulated by the carriers; the diffused regions 
are deep (4 /zm), highly doped (IO19 cm-3), and cover a sufficiently large fraction 
of the back surface in the most optimal designs to avoid current crowding effects; 
and the contact metallizations are thick enough to support very large currents. 
Calculations by Sinton [10], in fact, have shown the metal resistance to be as 
little as 26 milliohms. In conclusion, a serious loss to series resistance in the 
back-contact design is not anticipated, except in the case of a cell with very 
small, widely spaced diffused regions [10].
5.4.5 The Presence of a Large Source of Emitter Recombination
Modeling has shown that even with the back-contact design, in which the 
emitter diffusions cover only a fraction of the total back surface, significant losses 
can occur due to emitter recombination (cf. Figures 5.11 and 5.13). Design of 
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Figure 5.16 Responsivity of an BBC Solar Cell Experiencing a Loss of Surface 
Charge Passivation [25].
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Table 5.4 Model Parameters for an IBC Cell 
Experiencing a Loss of Surface Charge Passivation [25].
Parameter Value
Temperature, T 27° C
Cell Width 125 pm
Cell Thickness 300 fxm
P + Contact Width 62.5 (/m
N+ Contact Width 37.5 f/m
Base Resistivity, p 10 ohm-cm n-type
'3'?'. . /
Doping Profiles erfc
P + Surface Concentration 1.5*1020 cm-3
P + JunctionDepth 1.0 /Ltm
N+ Surface Concentration 3.0X1020 cm-3
N+ Junction Depth 0.5 f/m
Hole SHR Lifetime, rp 350 (/sec
Electron SHR Lifetime, Tn 350 (/sec
Hole Auger Coefficient, Cp fl.flxiO-32 cm6-sec-1
Electron Auger Coefficient, Cn 5.0xl0-31 cm6 —sec-1
Surface Recombination Velocity, S 2000 cm—sec-1
Fixed Surface Charge, Qss 2xi012q cm-2
Solar Spectrum AM1.0
Bandgap Narrowing in the Slotboom and
Heavily Doped Regions De Graaf Model
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constrained by the detrimental series resistance effect discussed in the above 
section* Clearly, modeling can find the emitter geometry for maximum cell 
efficiency, as demonstrated by Sinton [10]. Another strategy, also under 
investigation by Sinton [115], is the use of n-type SIPOS contacts which can 
greatly reduce the emitter saturation current. In the event that emitter 
recombination can be eliminated entirely, it is then apparent that the IBC and 
PCC designs will be convergent [116].
6.5 Summary
In this chapter, sublinear responsivities in silicon solar cells featuring 
contacts on the backside of the cell, that is, the interdigitated back contact (IBC) 
cell and the point contact concentrator (PCC) cell, have been examined. From 
theory, three fundamental mechanisms, which limit cell performance: Auger 
recombination, bandgap narrowing, and the carrier mobility, have been 
identified. Simulations of experimental data for the short circuit current 
responsivity and the open circuit voltage from an IBC cell and two PCC cells 
have been made with the two-dimensional solar cell analysis program, SCAP2D. 
It is found that a self-consistent description of the cell performance requires the 
inclusion of the free carrier bandgap narrowing model by Abram [32], the 
reduction of the minority hole mobility in the base to approximately one-half 
(200 cm2—V-1—sec-1) the majority carrier value determined by Irwin [33], and 
the use of the ambipolar Auger coefficient of Dziewior and Schmid [34],
3.8 x IO-31 cm6—sec-1 . A few technological difficulties which cause cells to fall 
short of attaining the fundamental limit have also been discussed. These include 
the presence of an excess surface charge, the presence of a large series resistance, 
and the presence of a large source of emitter recombination. At the present time, 
the emitter geometry must be optimized to reduce simultaneously the loss due to 
emitter recombination and the loss due to the current crowding effects.
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CHAPTER VI
SUMMARY, CONCLUSIONS, AND  
RECOMMENDATIONS
6.1 Summary
In this thesis, the causes of sublinear responsivity in two major cell designs 
for silicon concentrator solar cells, the conventional design and the back- 
contacted design, have been examined. In order to better understand these 
sublinear responsivities, a review of the literature has been made to uncover the 
physical mechanisms which can have significance for solar cell operation at high 
solar intensities. These phenomena include bandgap narrowing, Auger 
recombination, carrier diffusion, and the loss of base conductivity modulation. 
Through modeling with the Solar Cell Analysis Program in One and Two 
Dimensions, SCAPlD [24] and SCAP2D [25], the relevance of these mechanisms 
in explaining the experimentally observed short circuit current and open circuit 
voltage performance of the conventional and back-contacted cells as a function of 
the solar intensity has been evaluated.
6.2 Conclusions
The simulations with SCAPlD and SCAP2D of the sublinear responsivity 
have led to two important insights into the physical operation of silicon solar 
cells under high solar concentration:
(I) In the case of high-resistivity base cells of conventional design, the loss of 
base conductivity modulation, coupled with a large source of recombination, 
has been identified as a cause of sublinear responsivity [28]. Also, it has 
been demonstrated that the intensity dependence of the sublinearity can be 
interpreted by the well-known superposition principle [29], with only slight 
modifications. Excellent agreement of these simulations has been made with 
the experimentally observed sublinearity of a 500 ohm-cm Varian cell [30]. 2
(2) In the case of the back-contacted cells, that is, the IBC and PCC cells, it has 
been found that a self-consistent description of the cell performance is
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possible through the inclusion of the free carrier bandgap narrowing model 
by Abram et al. [32], the reduction of the minority hole mobility in the base 
to approximately one-half (200 cm2—V-1—sec-1) the majority carrier value 
determined by Irwin [33], and the use of the ambipolar Auger coefficient of 
Dziewior and Schmid [34], 3.8 * IO-31 cm6—sec-1 . The self-consistency of 
these models has been demonstrated for open circuit voltage and short 
circuit current data reported by Sinton et al. from a 160 /xm IBC cell [10] 
and two PCC cells, an 86 /xm cell [35] and a 240 /xm cell [9].
6.3 Recommendations
At the conclusion of this thesis, a number of interesting topics remain for 
further research. One topic which should be investigated immediately is the 
revision of the Abram model for use at room temperature recently made by 
Lowney [117]. Lowney suggests that the bandgap narrowing due to the electron- 
hole plasma, while significant, is somewhat less than that determined by Abram 
at absolute zero. The effect of this revision on the value of the Auger coefficient 
will be of great interest. Also, the lowering of the ambipolar diffusion coefficient 
due to many body effects as calculated by Young and Driel [98] has been 
overlooked. The possibility of a trap-assisted contribution to the total Auger 
recombination, as well, is another topic worthy of consideration [85]. To aid in 
the analysis of the lifetime measurements frequently made to explore 
recombination mechanism, it is recognized that the steady-state analysis program 
should be extended to include the time domain. Some work has already been 
achieved In this area. I
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